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INTRODUCTION. 


At  the  present  time,  Physicists  speak  of  the  ether  of  space 
and  deal  with  its  properties  and  movements  with  as  much 
confidence  in  its  reahty  as  in  the  air  we  breathe;  but  outside 
of  the  circle  of  investigators  into  natural  phenomena  and 
those  familiar  with  their  results  through  reading,  there  is  a 
large  number  to  whom  such  matters  wear  a  hazy  aspect  that 
is  further  mystified  and  often  rendered  unattractive  by  the 
very  technical  language  of  their  treatment.  Such  language 
is  the  necessary  and  proper  medium  between  scientific  men, 
but  for  the  layman  to  understand  it  requires  a  search  through 
dreary  pages  of  literature  to  the  origin  of  its  terms:  this  is 
<lisheartening,  and  deters  many — even  those  to  whom  such 
information  is  necessary  for  matters  with  which  they  deal — 
from  a  knowledge  of  the  generalizations  of  natural  phenom- 
ena toward  which  the  investigations  of  the  present  day  are 
tending. 

Part  First  of  this  Treatise  is  written  with  those  in  view 
Avho  may  use  the  five  succeeding  Parts — that  is  to  say,  to 
convey  to  them  such  information  regarding  the  principal 
phenomena  of  magnetism  in  such  manner  as  will  afford 
an  intelligent  grasp  of  the  subject.  To  this  end,  it  is  neces- 
sary to  go  beyond  the  restricted  limits  of  magnetism  itself. 
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iiimI   'Jiovv  how  it  is  related  to  heat,  hght,  electricity,  and 
4  hi-iiiii  ;ii  action — all  presumably  due  to  ether-waves. 

f  iol  that  every  electromagnetic  manifestation  is  explicable 

|iv    \\.iv<'  Miotjriij  only,  any  more  than  that  one  movement 

iiliiiii  III  ail  and  water  j)roduccs  the  divers  results  experienced 

ill   Mm  III.       Air  and   water  are  at  times  perfectly  calm  and 

|il.ii  III.   bill    Ihey   Ntill  produce  pressure;  and  so  there  is  a 

,|iiii  Ill-Ill   rli-iirif  charge  upon  a  body,  and  an  equally  im^ 

uiiiliilr  iii.iKMM-tir  ('(Midition  in  a  steel  bar,  but  around  botlx 

ilh   i  Mm  I  iM  in  a  stressed  stale:  air  and  water  sweep  along  as 

\  ^lllll  III  )V'I*'  •»'"'  »»»''^'''l  Stream,  and  so  in  the  ether  there  is 

Miiiit  lltinr.  '•'*•"   '"  ''^'^  right-line  movement  in  the  electric 

yuiiud    .III  «nid  watiT  circle  round  and  round  as  the  cyclone 

\\\A  \>liiil|M'iil,  .ill"!  ^<»  in  the  ether  wx  find  a  rotary  motion 

,  \\\^\  III. »»•••'•'*     la-.tly,  in  air  and  water  there  are  waves — 

I  j.^  \uy\\\\   H'»  .Mill  lall     as  indicated  by  the  barometer  within 

,^11,    I  iiipu  •  .iml  ndi'  Mau^;es  in  any  harbor:  and  so  whenever 

,    n  \s\y\\  m»'>»^.  Mii-ii*  i^  a  motion  of  the  surrounding  ether 

yyrxS  hMohh  .  |i4iiiidii      a  veritable  wave,  if  the  motion  of 

,,  a»iv.»***  •'*   ili\lliniic. 

\o\\  \\\\\\\  im«ii»»iri  III  two  nf  the  relateil  magnets  treated 

I  .    \\xnK      III*     t  iini|iass    :md    the    Ship — arc   rhythmic, 

V  y     ix   I.  Mill.  wlii*li  Milhieiices  lM>th.  is  swept  by  periodic 

,  Ku\»\>ii  a-  llii'  daih.   inmithlv,   vearlv,  and  secular 

V  ^  ,»  K^sA  uiUiima  hI  ihc-  magnetic  elements — tluctuations 

.u    i-  ^^**  lldc  1  III  an  .nni  tu'e;iu. 

\  \-  \'^^V.  \*niiiii»«l''"i  •••  I'tliei  waves  :irising  from  these 

V  .   vv.'     V  \Hiipa^-^.   ^^hiji.   .uid    l'\irih     Ci>nstitutes  the 

^  :v    i»lu  u«'iii»ii«Mi    111'    must    iinponance    \Vi    the 

v>  VxvaU-^c.  I'iii  a-i  it  lamini  be  lakcn  for  granted 

V      Vv    ^-v'  ^'*^'  ^^'*^**'  '"  ''  e\isi.  evidence  is  adduced 
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at  the  outset  to  establish  both  facts;  and  hence  because  of  its 
importance  as  a  physical  feature  in  producing  the  effects  to 
be  investigated,  as  well  as  an  analytical  process  known  as 
Fourier's  Theorem  that  forms  the  basis  of  the  mathematical 
theory  of  the  deviations,  this  wave-molion  is  treated  with 
some  detail. 

Waves  are  liable  to  certain  changes  by  reflection,  refrac- 
tion, polarization,  absorption,  and  interference — and  these  are 
all  briefly  explained  and  illustrated.  Some  of  these  changes 
lake  place  in  air  and  water,  and  as  they  thus  present  the 
matter  more  clearly  to  the  mind,  they  are  dealt  with  in  the 
l*cginning:  then  a  step  is  made  into  the  ether  of  space,  where 
all  the  attributes  of  wave-motion  are  found;  one — interfer- 
vn<i^ — is  a  peculiarity  of  wave-motion  alone, 'and  character- 
ises not  only  waves  of  visible  fluids,  but  also  the  movements 
of  the  ether,  and  hence  these  movements  are  inferred  to  be 
*aves. 

As  occasion  arises  throughout  the  book,  the  relationship 
o'  the  several  phenomena  due  to  ether-waves  is  pointed  out. 
"^"e  Compass,  the  Ship,  and  the  Earth  are  but  magnets  of 
different  size,  whose  mutual  relations  as  the  first  guides  the 
second  over  the  waters  of  the  third,  forms  the  subject-matter 
O'  this  Treatise. 

\Vhen  several  magnets  are  brought  within  each  other's 
influence,  they  create  a  complex  magnetic  field;  and  if  sus- 
peiuled  by  silken  threads  attached  to  their  centers  of  gravity. 
they  will  exhibit  a  diversity  of  movement — repulsion,  at- 
traction, and  oscillation  of  varied  degree.  They  are  quick — 
nervous — slow — or  sluggish — according  to  their  size  and  the 
Ifliotion  given  any  one  of  them. 

And  this  is  the  condition  of  the  Compass  as  the  magnetic 
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poles  of  the  Ship  swing  round  and  about  it  in  her  roUit^fi' 
pitching,  onward  movement — a  condition  that  is  aggravat^^ 
by  the  changing  intensity  of  the  Ship's  magnetism  its^^^' 
through  shock  of  waves,  and  the  ever- varying  fields  of  t^^' 
restrial  magnetism  through  which  she  passes.  The  Comp^-^^ 
is  never  at  rest,  and  points  anywhere  except  to  the  magnet:^^ 
north. 

But,  erring  and  errant,  we  must  still  use  it  to  guide  us  i^ 
fog  and  through  storm,  in  the  darkness  of  night  and  ov^^ 
the  waste  of  waters  that  has  no  landmark;  only,  we  mu^* 
know^  its  deviations  accurately  and  the  means  of  reducin^^ 
them  to  manageable  limits. 

In  the  compass-needle  the  poles  are  symmetrically  situ^ 
ated  with  regafd  to  a  central  cross-section,  so  that  an  equa-^ 
tion  is  easily  formed  to  delineate  its  field — the  surroundingT 
lines  of  force:  but  in  the  Ship  and  the  Earth — the  two  mag- 
nets that  affect  the  Compass — there  is  nothing  regular;  the 
lines  of  force  for  each  are  sinuous,  warped,  and  wavy  to  a 
degree  that  might  tax  the  skill  of  any  mathematician  to  ex- 
press them  analytically. 

Such  distorted  environment  might  seem  to  entangle  the 
effects  on  the  Compass;  yet  there  are  none  of  its  errors  that 
cannot  be  accurately  determined. 

Its  deviations,  the  result  of  a  surrounding  magnetic  field, 
— however  made  up, — belong  to  a  class  of  phenomena  that 
pervade  all  nature — periodic  motion. 

This  is  analytically  expressed  by  Fourier's  Theorem 
which  is  explained  in  Part  Sixth,  and  the  adaptation  of  its 
f^eneral  terms  to  the  special  case  of  the  deviations  is  given 
in  Part  Fourth.  Even  each  component  of  the  complex  field 
is  investigated — in  the  case  of  the  Ship,  the  magnetic  survey 
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described  in  Part  Third  fully  shows  the  magnetic  character 

Ioi  every  vessel;  and  in  the  case  of  the  Earth,  its  magnetic  ele- 
meiiis  as  indicated  by  lines  of  Intensity,  Dip.  and  \'ariation 
are  completely  determined  by  Gauss'  theory  explained  in 
Part  First. 

These  examinations  of  Ship  and  Earth  in  connection  with 
iHat  of  a  steel  magnet  (a  compass-needle)  described  in  Part 
^'rsi,  bring  strikingly  into  view  the  fact  already  stated,  that 
"le  Compass,  the  Ship,  and  the  Earth  are  three  magnets  dif- 
feriiig  only  in  size:  in  each  there  are  the  two  foci  of  intensity, 
<">e  near  each  extremity,  and  a  neutral  zonC'  between. 

This  identity  of  kind  is  mns:  important  to  understand 
^vell,  for  it  is  the  key  to  all  their  mutual  relations. 

The  scppe  of  usefulness  of  the  Compass  covers  the  Earth, 
3"tl  from  this  Earth  comes  its  directive  power — that  magnet- 
isrn  which  vitalizes  an  inert  bar  of  steel,  and  makes  of  it  a 

Fsitive,  moving  body — quick  to  declare  its  affinities  and  an- 
slhies. 
The  Compass,  then,  is  not  an  isolated  entity,  but  wherever 
rt  'Wanders  it  finds  kindred  of  some  degree:  with  the  Ship  it 
'S  always  in  close  touch,  while  at  the  same  time  it  feels  the 
e^-'er- varying  throbs  of  universal  magnetism.  Considering 
the  immense  commerce  carried  in  iron  ships  and  the  armed 
f<*rce  of  nations  that  patrols  the  sea  in  fleets  of  steel,  it  is 
harilly  exalting  it  too  much,  to  say  that  the  little  instrument 
tnat  gnides  them  is  well  worthy  of  every  effort  for  its  im- 
provement and  intelligent  use. 

The  chief  endeavor  to  explain  magnetism  has  been  in  the 
"'rectioii  of  establishing  it  among  the  forms  of  energy  that, 
Under  varying  circumstances,  becomes  manifest  as  heat,  light, 
electricity,  and  chemical  action;  and  in  doing  this,  advantage 
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has  sometimes  been  taken  of  such  analogous  phenomena  as 
occur  in  the  soUd,  hquid,  and  gaseous  states  of  matter,  but 
only  for  illustration,  and  not  at  all  because  magnetism'  is  con- 
sidered malcn'al  in  its  nature. 

Though  invisible,  magnetism  is  a  real  force,  capable  of 
doing  work  of  different  kinds,  just  as  a  man  or  a  horse  does: 
it  can  move  a  light  load  or  a  heavy  one — pull  so  many  pounds 
with  a  definite  velocity  in  a  given  direction.  It  is  merely  one 
phase  of  the  many  transformations  of  energy  that  we  daily 
see.  whose  antecedent  is  always  a  push  or  a  pull,  whether 
mechanical  or  molecular.  Consider  the  chain  of  motion  that 
leads  up  to  the  traction  of  a  street-car  by  electricity;  vibra- 
tion in  the  molecules  of  coa!  and  oxygen  whose  chemical 
combination  gives  rise  to  heat  in  a  boiler;  oscillation  of  the 
piston  of  a  steam-engine  as  a  result  of  the  heal;  rotation  of 
the  armature  of  a  dynamo  in  consequence  of  the  piston's 
motion:  the  flow  of  a  current  in  a  wire  and  a  magnetic  wave 
in  the  surrounding  medium  caused  by  the  dynamo's  rotation; 
and  finally,  as  the  net  result  of  all,  the  visible  speeding  of  a 
heavy  mass  along  a  track!  "  No  puUee,  no  pushee,  go  like 
hell  alia  same!"  as  the  Chinaman  sai<!  in  San  Francisco. 
when  he  saw  a  cable-car  for  the  first  time.  He  was  mistaken: 
there  were  both  pulls  and  pushes  all  along  the  hue,  and 
equally  there  are  pulls  and  pushes  in  the  series  of  actions  that 
transforms  the  violent  rush  of  atoms  into  the  useful  rate  of 
speed  of  an  electric  car. 

The  idea  of  mechanical  tension  is  that  of  a  stretched 
rope — a  weight  hanging  at  one  end.  the  other  fastened  to  a 
beam:  or.  a  rubber  band  pulled  apart  by  the  hands.  If  a 
weight  be  attached  to  each  end  of  tiie  band  (placed  on  a    . 


=5     table),  and  the  hands  release  their  hold,  the  contractile  force 

:  ^  of  the  material  will  draw  the  weights  toward  each  other. 

F        So,  with  the  ether  of  space:  it  is  a  medium  connecting 

r  ikiatter  just  like  the  rope  or  the  rubber  band;  it  is  thrown 

If  into  electromagnetic  stress  by  every  turn  of  the  dynamo  or 

^her  magnetic  machine,  and  the  alternate  tension  and  relief 

Ihertfrom  will  move  a  weight  just  as  the  rubber  band  does. 

Sometimes  there  is  only  a  statical  balancing  of  forces,  as 

,.lrficn  a  compass-needle  rests  in  equilibrium  at  a  certain  angle 

"•^the  deviation — between  the  magnetic  stress  of  terrestrial 

•magnetism  and  that  of  an  iron  ship;  and  again  it  is  a  dynamic 

j^  *ttion,  as  when  a  small  horizontal  needle  is  oscillated  in  site 

L    ^  the  compass  to  determine  the  magnetic  force.    In  both  the 

J    static  and   dynamic   cases   the    tension   of   delicate    rubber 

^breads  might  replace  the  magnetic  tension  and  produce  the 

••Jtie  visible  effects.     In  essence  the  mechanical  and  ttie  mag- 

■Jetical   tension   are   the    same — each    can    move   a   certain 

^^^ght  through  a  definite  distance  or  form  a  balance  between 

r   ^posing  forces;  and  all  this  is  susceptible  of  accurate  meas- 

^^'^tnent  and  expression  in  any  units  we  please:  the  devia- 

^    *H>ntl)ccomes  specific  in  angular  measure  and  the  horizontal 

■*ce  in  dynes. 

The  rope  will  bear  only  a  certain  tension,  beyond  which 

^  breaks;  the  rubber  has  a  limit  of  elasticity,  and,  similarly, 

%load  may  be  put  uj>on  magnetic  stress  that  it  cannot  move. 

*htis  magnetic  phenomena,  like  the  visible  material  work  of 

™^,  comes  naturally  within  the  domain  of  mathematics. 

The  foregoing  comparisons  are  made  to  render  intelli- 
pblc  the  application  of  symbolic  formula!  to  the  principles 
^  a  phenomenon  that  at  best  has  but  a  hazy  form  in  our  mind 
*^ot  a  definite  image  that  one  can  see  and  feel — but  an 
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intangible  something  that  still  has  much  of  the  mystery  that 
the  word  magnetism  itself  suggests. 

It  is  a  subject  not  readily  grasped,  and  therefore  I  have 
tried  to  bridge  those  gaps  that  often  occur  between  formulas 
in  works  of  this  kind,  so  that  easy  transition  from  equation 
to  equation  may  leave  the  mind  free  for  the  main  subject 
without  wearisome  stoppages  to  clear  the  way  of  mathe- 
matical briars  or  undergrowth. 

The  Treatise  is  divided  into  Six  Parts,  which  are  sub- 
divided into  Chapters,  these  again  into  Sections,  and  the 
latter  into  numbered  Articles  with  head-lines  indicative  of 
their  import.  In  each  Part  is  grouped  matter  illustrative  of 
one  phase  of  the  subject;  in  each  Chapter  a  prominent  feature 
is  described;  in  the  Sections  the  lineaments  of  this  are  traced; 
and  in  the  numbered  Articles  the  details  are  followed  out: 
thus,  every  topic  has  the,  advantage  of  individual  presenta- 
tion. 

The  Articles  are  numbered  consecutively  from  beginning 
to  end  of  the  Treatise;  the  Sections  begin  a  new  series  of 
numbers  with  each  Chapter;  and  the  Chapters  a  new  series 
with  each  Part.  The  Formulae  of  each  Chapter  have  serial 
numbers  of  their  own,  so  that  the  number  of  the  formula  and 
that  of  the  Article  in  which  it  occurs  are  necessary  for  definite 
reference:  thus,  (14) — 122,  refers  to  formula  No.  (14)  in  Art. 
No.  122. 

In  Part  Sixth  will  be  found  a  Table  of  Symbols  that  have 
the  same  signification  throughout  the  work. 

In  some  instances  it  has  been  found  expedient  to  use  the 
English-American  system  of  weights  and  measures,  and  in 
others  the  French;  xVhile  recognizing  the  incongruity  of  this 
procedure,  it  was  deemed  best  to  adopt  it  on  account  of  the 
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familiarity  of  those  who  may  use  the  book  with  the  first 
rather  than  with  the  second  system,  avoiding  ambiguity  in 
tver)-  case  by  stating  the  system  in  which  the  measurements 
are  expressed, 

A  complete  list  of  the  works  consulted,  read,  or  studied 
in  preparation  for  this  book  is  printed  at  the  end,  or  after 
Part  Sixth.  I  have  especially  to  acknowledge  the  courteous 
permission  of  Messrs,  D.  Appleton  &  Co.  and  The  Macmil- 
'an  Company  (of  this  city)  to  use  some  extracts  and  figures 
from  their  publications. 

In  the  body  of  the  work  very  few  references  are  made  to 
in-\,-estigators  whose  labors  afford  the  sum  of  reliable  informa- 
■ioii  that  exists  on  the  subjects  treated:  their  writings  are  not 
always  accessible   to  the  majority  of  those  for  whom   this 
Tr"^atise  is  written,  and  hence  not  likely  to  be  consulted  by 
them;  while  those  who  might   have   recourse  to  original 
sovTrces  can  readily  judge  of  the  verity  or  accuracy  of  the 
matter  in  the  garb  I  have  given  it:  therefore,  for  the  former 
references  were  an  encumbrance,  ant!  for  the  latter  a  super- 
"i-iity,    I  have  endeavored,  however,  to  faithfully  present  the 
subject  in  accord  with  the  generally  accepted  views  upon  it. 
Throughout  the  subject  run  certain  principles  of  mechan- 
ics  and  magnetism;  they  are  the  structural  timbers  which 
™av  be  fashioned  variously:  instruments  are  constantly  im- 
proving, ob-servers  assert  their  individuality  in  the  manner 
oi  using  them,  and  even  methods  of  analytical  treatment  are 
not  free  from  change — but  the  principles  themselves  are  im- 
•"uiable.  and  these  it  has  been  my  endeavor  to  make  clear. 
Once  understood,  any  variation  of  treatment  by  analysis  or 
instruments  becomes  a  matter  of  easy  acquisition. 
New  Yokk,  March  25,    igoi. 
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PART   FIRST. 


CHAPTER    I. 


^    MEDIUM   NECESSARY   TO   THE   PRODUCTION  OF 
MAGNETIC    PHENOMENA. 


Section  One  :  The  Earth's  Atmosphere. 

I.  The  air  a  material  substance. — The  Earlli  is  envel- 
^P^fi  in  a  mass  of  air  wliose  reality  is  proven  by  many  facts. 
'  's  a  mobile  body  whose  regular  ebb  and  flow  within  the 
'■"opics  is  indicated  by  the  daily  oscillations  of  the  barome- 
.'^'":  and  whose  swaying  back  and  forth  toward  either  Pole 
'*  shown  by  the  system  of  Trade  Winds  following  the  Sun 
Jl  its  course  from  solstice  to  solstice.  As  the  gentle  breeze, 
"  <!ools  the  summer  heat,  and  in  the  hurricane  it  rends  and 
''estroys.  The  robin's  trill,  equally  with  the  locomotive's 
5bri!]  shriek,  carve  it  into  waves  that  fall  upon  the  ear.  The 
"Set  wings  of  birds  as  well  as  the  heavy  sails  of  ships  are 
Spread  to  it  for  passage  to  distant  climes. 

We  can  compress  ihe  air  and  thus  transmute  our  energy 
into  its  power  to  do  work:  we  can  rarify  it  to  any  degree, 
"•"  Exhaust  it  altogether  from  a  closed  vessel.  A  given  vol- 
"tBe  of  it  can  be  accurately  weighed:  and  its  composition 
nas  been  well  determined — a  mechanical  mixture  of  certain 
giises.    The  height  to  which  it  extends  in  space  is  practically 


jcr-ov.  r.. 


I:  'zjcJt  'j^jtr.  li'f^titnei-  thereby  i^crfiag  ocular  and 


T?.-i.  r--Ar.y  iir.r  e^tiv'ish  the  existence  of  the  air  as  3- 
rr.ater.i*.  s-'vttAT.rt.  ^':ho-zh  ^if  J  gis*  we  cart  neither  sc^ 
nor  fee'  ::  as  Tue  dv  ro'.ii  =u':>star:ce5. 

2.  Air  the  mpdinm  of  saand. — Waves  of  air  fall  upot^ 
the  ear.  throw  the  auditor/  r.er-.e  ir.to  ^-ibratioo,  and  ihi^" 
reaching   the   brain   causes   the    sensation   of   sotind.     Thcr 
origin  of  the  soun'i  may  be  the  chirp  of  a  cricket  or  the  ex- 
plosion of  a  bomb,  but  the  series  of  condensations  and  rare- 
factions into  which  both  cricket  and  b»jn:b  mould  the  air, 
will  reach  every  ear  wit'iin  the  'imits  of  their  energy-  and  pro- 
iluce  their  ilistinctive  effects.     And  the  air  is  in  perpetual 
motion  from  countless  sources  of  sound:   the  hum  and  nim- 
l>Ic  of  a  citv:  the  multitudinous  noises  of  Xature  in  field  and 
f»>rcst:    the  crashing  of  the  storm;    and  the  din  and  jar  of 
machinery  employed  in  the  attairs  of  life.     But  deprive  the 
I'.arih  »)f  its  atnu^sphere,  and  all  sound  would  cease,  ahhough* 
ears  wrrc  present  to  hoar  and  the  activity  of  life  should  con- 
tinue miahateil:  what  causes  the  change?     The  medium  to 
transinil  the  motiim  from  the  sotxrce  to  the  ear  is  wanting! 
I «»  eiie  an  instance  that  has  often  been  tried:  an  alarm 
eltK'k  is  plaeetl  muler  a  glass  receiver,  and  suspended  by  a 
Mlken  libie  so  as  to  isi>late  it  !\v  the  sletulerest  means  from 
'^tiiioinnlin).;   st>liil   matter:    when  the  clock  begins  to  ring, 
tile   air  piinip    is    wtMkeil.     ^vaiUially    the    ringing   becomes 
(amlei,   nniil,   when   the   reeeiver  is  etitire'y   exhausted,   no 
hiimnl  at  all  is  heaul.  ahhouj^h  the  tnechanism  is  still  seen  to 
be  in  movement,     i  Mt  slowlv  re  admittinvj  air.  the  tinkle  of 
the  bell  letnrtis.  \\a\e^  stri»ns^er  with  tnore  air.  and  attains 
its  loinlest  note  when  the  leeeiver  is  tilled  as  at  first. 

3,  Phenomena  that  occur  in  space  void  of  air. — Al- 
thvm^h  we  i  t»nM  i\i»i  hear  in  a  vaenitm.  still,  if  life  were  possi- 
bly without  air.  we  eonM  eontinne  ti»  see:  experience  various 
dttSrvcs  of  warnnh  or  eoKl;    prtulnee  certain  chemical  reac- 
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tions;  use  electricity  in  diverse  ways;  and  aitraci  or  repel 
one  magnet  with  another — all  as  well  id  vtKuu  as  in  air  at 
normal  pressure. 

Experiment  has  established  the  following  facts:  that  the 
more  perfect  the  vacuum,  the  better  will  one  electrified  body 
induce  a  similar  state  in  another  body;  and  the  more  freely 
"ill  one  magnet  respond  to  the  movement  of  another;  that 
an  electrified  glass  rod  will  attract  a  pith-ball  as  well  in  vacuo 
3s  in  air;  that  a  vacuum  facilitates  photography — a  chem- 
ical process;  and  that  the  enclosed  space  of  a  room  is  thrown 
into  such  condition  by  an  alternator,  that  a  small  glass  bulb 
fxhatisicd  of  air,  lights  np  of  itself  in  the  room  without  lead- 
ing Nvires  to  any  source  of  electricity,  and  that  the  greater  the 
rate  of  alternation,  the  more  nearly  is  the  glow  in  the  bulb 
"^  that  much-sought  achievement— light  without  a  filament 
the  brilliance  of  tiie  magnetic  waves  alone  in  vacuo. 
The  dark  thermal  rays  from  a  source  of  heat  have  been 
projected  into  a  glass  vessel  void  of  air  and  concentrated 
there  by  a  lens  ujxjn  a  piece  of  charcoal  raising  it  to  white 
"Cat  IK  ilic  vacuum;  more  than  this,  air  at  a  freezing  tempera- 
ture might  be  admitted  to  the  vessel,  and  a  piece  of  platinum 
could  be  all  but  fused  by  the  obscure  rays  of  heat  brought 
**^  a  focus  upon  it.  The  air  acted  no  necessary  part  in  any 
°'  these  experiments,  while  in  some  it  was  an  actual 
impediment. 


Section  Two  :  Magnetic  Action  in  Particular. 

4.  Magnetic  action  in  space  void  of  air. — Connect  two 

ttiin  metal  discs  D  D,  Fig.  i,  by  a  brass  rod  R  and  place  on 
tne  floor  a  hoop  H  covered  by  a  tense  membrane  strewn  with 
hne,  dry  sand ;  then  hold  the  rod  vertically  a  foot  or  so  above 
^'ne  membrane,  and  stroke  it  with  a  resinous  rubber;  in- 
ISntly,  the  sand  will  jump  into  fantastic  figures — the  visible 
bibrations  of  the  rod  conveyed  to  the  membrane  by  the  lower 


4  MEDIUM   OF  MAGNETIC  PHENOMENA. 

shivering  disc  and  the  air  in  the  space  A :  so,  a  bar  of  wrought 
iron  waved  near  an  incandescent  lamp  causes  it  to  fade,  and 
a  vacuum  tube  brought  near  an  alternator  lightens  into  a 
glow.  In  both  cases  the  effects  of  magnetic  waves  become 
visible  in  space  void  of  air:  can  it  be  conceived  that  abso- 
lutely empty  space  was  made  to  glow  in  the  one,  or  that  it 
was  the  brightness  of  entire  void  that  was  dimmed  in  the 
other? 

Again:    Fig.  2  represents  a  glass  receiver  in  connection 
with  an  air-pump:  M  is  a  delicately  pivoted  magnet,  C  a  cop- 


per disc  poised  on  a  pivot  and  susceptible  of  rapid  rotafl^ 
motion  by  any  mechanical  contrivance,  and  G  is  a  plate  01 
glass  interposed  as  a  screen  between  the  magnet  and  disc. 
Exhaust  the  air  from  the  receiver  and  spin  the  disc:  soon  the 
magnet  will  move  too.  and  ere  long  it  will  follow  the  disc 
in  its  whirling:  yet,  quite  a  space  void  of  air  separated  them. 
Not  only  this,  but  substitute  thick  slabs  of  wood,  stone  or 
ivory  for  the  glass  between  the  magnet  and  copper  disc,  and 
the  rotation  of  the  latter  will  still  carry  the  magnet  round. 
And  if  the  magnet  were  first  spun  by  mechanism,  it  would 
impart  corresponding  rotation  to  the  copper  disc:  the  action 
is  reciorocal. 


k 
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Consider  the  space  between  the  poles  of  a  powerful  elec- 
tro-magnet: stop  the  current,  and  the  air  offers  no  impedi 
ment  to  a  hand-saw— it  may  be  thrust  across  the  line  joining 
the  poles — the  air  niay  be  "  sawed  " — with  the  utmost  ease; 
Wt  start  the  current,  and  instantly  a  viscous  medium  seems 
\  to  be  evoked  which  requires  great  effort  to  saw  through. 
I  And  this  resistance  and  its  absence  may  be  alternated  as 

^^^often  as  we  start  or  stop  the  current. 

^^L     Clearly,  the  air  was  not  a  factor  in  ihe  condition,  and 
^^Bqiially  clearly  some  other  medium  was. 
^V^     5,  Magnetic  action  through  solids  and  over  distances, 
r  — In  the  Smithsonian  Institution,  Prof,  Henry  found  that  "  a 
■    single  spark  from  the  prime  conductor  of  a  machine,  of  about 
r     an   inch  long,  thrown  on  to  ihe  end  of  a  circuit  of  wire  in  an 
r      upper  room,  produced  an  induction  sufficiently  powerful  to 
■nagnetize  needles  in  a  parallel  circuit  of  iron  placed  in  the 
cellar  beneath,  at  a  perpendicular  distance  of  30  feet,  with 
'^vo  floors  and  ceilings,  each   14  inches  thick,  intervening." 
At  the   Magnetic   Observatory   on   the   grounds   of   the 
U-    S.   Naval   Observatory,   Washington,   D.   C,  in   1897-8. 
the  record  of  the  vertical  force  instrument  of  the  magneto- 
6*"aph  was  chiefly  that  of  the  potential  or  electric  load  upon 
*he  tmltey  line  of  the  Tennalytown  Road,  and  not  that  of  the 
changes  in  terrestrial  magnetism,  although  a  distance  of 
'300  feet  separates  the  magnetic  instrument  from  the  near- 
est point  of  the  road. 

Tile  photographic  record  presents  a  fuzzy,  tortured,  ir- 
'^gularband  during  the  w'orking  hours  of  the  road,  and  this 
^otjciition  is  greater  or  less  from  day  to  day  according  to  the 
*'*ctric  load  on  the  line — much  more  exaggerated  in  sum- 
■"^r  and  on  busy  days  of  travel  than  in  winter;  while  at 
"'Sht,  when  the  cars  do  not  run,  the  line  of  terrestrial  mag- 
"ttic  change  is  thin,  clear,  and  regularly  variable. 

The  vertical  force  instrument  is  a  horizontal  needle  deli- 
csiely   poised    by    little    trunnions    on    agate    knife-edges. 


'  yriC  PNEXCMEXA. 

■.n cable  in  a  vertical  plane  ac- 

:iic  vertical  component  of  tiie 

'tion    is    automaiically    photo- 

-  well  as  the  «.»ihers  of  the  same 

'N    larjj^e  hcli  j^lasses,  exhausted 

•  a  vault  i;  feet  or  more  below 

•>  the  matjnetic  waves  from  the 

'  :cacb  these  instrunienis.  hadt"» 

;iH>  feet  of  st>liil  earth  and  then 

^  .lnnos! 

KH>.  the  Director  of  a  magnetic 

v'Nted  against  electric  trolley  cars 

.lory    than    fifteen    kik>melres— 

X.  I  lie  delicacy  of  the  magnetic  in- 

v\  wiuild  be  atTected  bv  the  elcc- 

\-  -Inctuations  in  the  current  sent 

^u    a  s^Mce. — r»ut  to  ]>ass  beyond  thef-^ 
v   N^op*-*  ^^^  magnetic  action,  let  ii=^ 
.   '.iii^e  area  covered  by  a  storO"^ 
.;".  .i>  the  air-wave  advances  o"^ 
,\  'iUinil  to  every  shift  of  wind  ' 
,  *'.!!!i!iess  or  warmth:    and  h\ 
,     \\\\\\  more  i>r  less  moisture. 
X    v.vr.pr.x.  antl  in  imison,  indi  "" 
s  •   ^'    *•  v\^'.\li:ions. 

s,-.     v't     -i^truments — magnetic^ 
■.•'.  ,»••  vV*  .1  iliiTereni  kind,  evei^ 
•  ^   ^       '.■'^^  v^"'  .'.  »'cad  calm. 
•  x,   x^'v'/./.  •.'•.v'  oo:i:inents  of  Eii* 
",•    \\\**.  every  needle  was 
N      ,^x,-   '.::::•.::  together,  as  if 
./.    -N  '".tv.Klrod  arms  and 
•  v  ,•  ••  ■  i*;:-.!*.ir'v  or  wilillv 

^,  •     ■,  S  ■  •  ■■.'.>  :aken  part  in 
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this  simultaneity  of  movement;  for,  coincidently  with  a 
flaming  prominence  rising  from  its  disc  followed  by  a  spot 
on  its  surface,  magnetic  needles  at  places  as  remote  from 
each  other  as  London  and  the  Rocky  Mountains  have  been 
observed  to  shiver  in  erratic  tremors.  Such  a  fact,  oft  re- 
peated, as  will  be  seen  later,  points  to  a  bond  of  union  be-  ^ 
tween  Earth  and  Sun — a  medium  filling  all  space. 


Section  Three :  A  Medium  Necessary  to  Transmit  Energy ; 

the  Ether. 

7.  Energy  defined  and  illustrated. — Energy  is  the 
power  to  do  work:  this  is  indicated  eVen  by  the  phrase  in 
daily  use,  that  a  man  has  great  energy  or  little  energy — 
meaning  his  potential  resources  for  work. 

By  work,  the  air  is  moulded  into  a  state  of  undulation — 
this  reaches  the  drum  of  the  ear,  or  any  other  tense  mem- 
brane, and  throws  it  into  vibration:  sound  results,  and  it  is 
at  the  expense  of  energy.  Thermal,  luminous,  electrical, 
magnetical,  and  chemical  eflfects  are  also  attained  by  the 
decay  of  energy,  but  what  is  the  medium  of  transmission  and 
how  is  this  accomplished? 

Now  there  are  only  two  ways  of  transmitting  energy: 
either  by  the  bodily  transfer  of  matter,  or  as  an  undulatory 
movement.  A  cannon-ball  fired  from  a  gun  impresses  upon 
the  point  of  impact  the  energy  of  the  powder  that  impelled 
iMhis  is  the  bodily  transfer:  the  elasticity  of  the  material 
composing  a  train  of  cars  standing  upon  a  track  will  convey 
the  bump  of  an  engine  through  them  all  to  the  last  one, 
^'hich  alone  starts  off — this  illustrates  the  undulatory  trans- 
fer, the  method  of  sound.  Again:  let  a  loaded  gun  be  fired 
^ta  man's  hand;  he  becomes  conscious  of  it  in  three  differ- 
ent ways:  first,  by  the  pain  due  to  the  bullet  striking  his 
flesh — this  is  the  material  transfer  of  part  of  the  powder's 
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wcif^liled  to  be  level,  and  moveable  in  a  vertic 
conlinj^  to  the  fluctuations  of  the  vertical  comp 
luirth's  maj^nctisni:  this  motion  is  automatic 
j^raphc'd.  The  instrument  as  well  as  the  others 
maj^nc'toj^raph  arc  covered  by  large  bell  glassi 
of  (lir,  and  thcv  are  located  in  a  vault  15  feet  or 
the  level  of  the  ground.  Thus  the  magnetic  \va^ 
trollev  of  the  electric  road,  to  reach  these  instrun 

m 

l)as,s  through  a  thickness  of  1300  feet  of  solid  e.'i 
span  a  vacuum  in  the  bell  glasses! 

b'.vcn  more:  in  the  year  i()oo.  the  Director  • 
observatory  in  Ciermany  protested  against  eleci 
coming   nearer   the   i^bservatory   than   fifteen 
about  eight  miles! — because  the  delicacy  of  t' 
struments  was  such  that  thev  would  be  affec 
tromagnetic  waves  that  the  fluctuations  in 
out  throui::h  earth  and  air. 

6.  Magnetic  action  in  space.  — But  to  ] 
restricted  insiances  of  the  sci^pe  of  magn 
picture  wb.at  inxnirs  over  a  large  area  cc 
cer.trc:  Saromciers  rise  or  fall  as  the  air 
rece!e>:    weather-vanes  swintr  round  to  i 
:':er:"   rv.etcrs  fluctuate  with  chilliness  o 
cr^:  -e-  expaiul  or  contract  with  mor 

T'-.e   "icvera:  instruments  promptly. 
•:'-:-:  :'•■?  :  re\:ii!::ig  atmospheric  conditi 

S;::v.!:Lr'y     .'o     another     set     of     ir 
r^iri-f — -.z"  •:•:  v:o!ei::  conunotion  of 
■■r  i:r:--<:v:ere  a:  tiie  stiLness  o' 

.  .'i::""-r:::  >:  r:T:s  iuive  vnerspread 
'   '  T  1-  i  -'.T'enja  a:  t!-e  same  titne. 
':  '     'r'  1*  V  ::!:  n  k:::.i  of  frenzv — i' 

m 

"  ■   .".jir:::  Dr:aret:s  readied  011 
';  -"^-t'  :-r.  everv  one  moved 
>.    ''-'  '-  :•.■:  was  upon  him.    Even 
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^  lo  trace  magnetic  action,  tike  that  of  light,  to  the  Sun,  and 

'  infer  for  both  the  same  medium. 

It  is  difliciiit  to  convey  an  idea  ot  the  ether  of  space;  for, 
while  such  a  medium,  no  doubt,  exists,  still  we  cannot  prove 
it,  as  with  air;  nor  can  we  determine  by  experiment  a  single 

I  one  of  its  properties.  It  is  a  figment  of  the  imagination  and 
partakes  of  all  the  haziness  o£  whatever  exists  only  as  a  con- 
ception— something  we  can  neither  see,  feel,  weigh,  com- 
press, nor  analyze — only  speculate  about. 
\  The  mathematician  attributes  to  the  ether  properties 
necessarj-  to  the  formation  of  equations  expressing  its  en- 
ergy; the  physicist  ascribes  to  it  qualities  essential  to  the 
explanation  of  facts  he  observes;  the  electrician  meets  con- 
ditions that  require  further  hypotheses;  still  others  do  not 
accept  fully  any  one  of  these  conceptions;  and  some  even 
reject  the  ether  altogether. 

(Indeed  it  has  been  variously  called  a  gas,  a  liquid,  and 
|B  sohd  like  a  sensitive,  tremulous  jelly — an  entity  without 
pores  or  interstices,  but  particle  joining  particle  in  one  con- 
tinuous, homogeneous  mass  pervading  the  universe — a  sub- 
stance the  like  of  which  has  no  analogue  in  all  nature.  Such 
a  conception  does  not  appeal  to  our  reason. 

We  must,  on  the  contrary,  evolve  an  image  and  endow  it 
with  features  that  bear  some  resemblance  to  what  we  behold, 

»and  at  the  same  time  help  explain  the  phenomena  of  which 
■we  consider  it  the  seat;  and  this  is  the  best  that  can  be  done 
at  present  toward  making  the  ether  an  entity. 

Let  the  ether,  then,  be  sup|K)sed  of  dual  nature — "  com- 
posed of  two  precisely  opposite  entities,  which  is  suggested 
^^_by  the  facts  of  electrolysis;    by  the  absence  of  mechanical 
^^kiomentum  in  currents  and  magnets;    and  by  the  difificulty 
^^Bif  otherwise  conceiving  a  medium  endowed  with  rigidity, 
^^*which   yet   is   perfectly   fluid   to   masses   of   matter   moving 
through  it.     With  ihe  hypothesis  of  doubleness  of  constitu- 
tion, this  last-mentioned  difficulty  disappears.    The  ether  as 
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a  whole  may  be  perfectly  fluid  and  allow  bodies  to  pass 
through  it  without  resistance,  while  its  two  components  may 
be  elastically  attached  together  and  may  resist  any  force 
tending  to  separate  them,  as  a  solid  would  if  it  possessed  the 
requisite  rigidity.  It  is  like  the  difference  between  passing 
one's  hand  through  water,  and  chemically  decomposing  it; 
it  is  like  the  difference  between  waving  a  piece  of  canvas 
about  and  tearing  it  into  its  constituent  threads."  (Prof,  O.  J. 
Lodge.) 

Let  this  ether  fill  all  space,  enveloping  Earth,  Suti,  and 
Stars,  and  permeating  even  the  pores  of  matter.  Then,  like 
the  heaving  sea  or  mobile  atmosphere,  it  will  be  agitated  by 
surgings  of  many  kinds — waves  arising  from  the  varied  mo- 
tions of  the  atoms  of  matter  embedded  in  it:  for  the  propa- 
gation of  these  waves  the  ether  must  have  elasticity  and 
density,  just  as  the  air  has  those  properties  to  convey  sound. 
Since  the  velocity  of  light  is  exceedingly  great,  so  must  be 
the  elasticity  of  the  ether,  with  correspondingly  small  density. 

As  the  velocity  of  sound  differs  with  the  elasticity  and 
density  of  the  body  through  which  it  passes,  so  does  Light 
travel  faster  or  slower  in  divers  media;  so,  too,  Electricitv 
finds  different  substances  variously  pliable  to  its  strain;  and 
so,  also,  Magnetism  permeates  the  metals  with  more  or  less 
ease:  to  account  for  this  diversity  of  behavior  of  these  sev- 
eral forms  of  energy  in  the  different  kinds  of  matter,  the 
ether,  in  addition  to  uniformly  pervading  the  pores,  is  sup- 
posed to  be  condensed  about  the  atoms,  clinging  to  them 
in  a  sort  of  concentrated  atmosphere,  the  degree  of  densitv 
being  the  same  for  atoms  of  the  same  kind,  but  varying  with 
the  substance. 

It  is  a  matter  of  observation  that  when  a  magnet  or  an 
electrified  body  is  brought  into  the  midst  of  similarly  con- 
ditioned bodies,  or  one  of  an  assemblage  of  electrified  bodies 
is  moved,  there  is  a  disturbance  of  the  electromJignetic 
quietude    previously    existing — the    sensitive    ether    around 
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them  quivers  and  trembles:  dynamos  and  other  electrical 
machines  only  set  up  like  tremors  or  urge  them  as  pulses  to 
a  distance;  and  if  these  pulses  accumulate  in  one  place,  they 
are  in  deficit  somewhere  else. 

As  regards  the  apparently  irreconcilable  properties  of 
the  ether — fluidity  and  rigidity — consider  another  substance, 
water;  in  its  liquid  state  it  yields  to  the  lightest  tread,  but 
crystallized  as  ice  uf>on  the  river  it  sustains  the  tramp  of 
armies:  or  again,  molten  iron — how  easily  it  flows  in  sinuous 
stream  round  any  mould,  but  when  cooled  to  the  rigidity  of  a 
solid,  only  the  most  violent  effort  will  rend  it. 

Is  it  incredible,  then,  that  there  should  be  another  me- 
dium which  invisibly  welds  a  mass  of  nails  between  the  poles 
of  an  electromagnet  into  such  solidity  as  to  bear  the  weight 
of  tons,  and  yet  when  the  current  stops  the  arch  crumbles 
into  a  shower  of  pieces? 


CHAPTER    II. 

VARIOUS   MOVEMENTS    OF  THE   ETHER  OF  SPACE 
CONSTITUTE    RADIANT   ENERGY. 


Section  One :  The  Sun. 

9.  As  the  sun  is  a  prolific  source  of  the  various  forms 
of  energy  treated  in  this  work,  it  will  conduce  to  a  better 
understanding  of  the  subject,  if  the  generally  accepted  view 
of  its  constitution  and  the  principal  facts  relating  to  it,  be 

stated. 

Heat,  light,  and  chemical  activity  we  know  come  from 
the  Sun,  but  the  electromagnetic  form  of  energy  has  not 
such  undisputed  title  to  direct  descent;  indirectly,  however — 
as  offspring  of  the  other  three — the  lineage  is  beyond  ques- 
tion: and  when  one  phase  of  the  energy  passes  so  easily  into 
the  other — a  mere  variation  of  wave-length — it  can  hardly  be 
doubted  that  all  emanate  with  characteristic  individuality 
from  the  same  source. 

10.  Solar    heights   and  velocities Spectrum    analysis 

has  revealed  the  constituent  matter  of  the  Sun,  and  the  slow 
motion  of  this  matter  observed  in  the  field  of  the  spectroscope 
has  been  interpreted  (upon  Doppler's  principle)  to  mean 
actual  velocities  of  incredible  amount.  Both  Doppler's  prin- 
cii)lc  and  that  of  the  spectroscope  are  described  in  articles 
59  and  65:  it  is  only  with  their  results  that  we  are  concerned 
here. 
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e  Sun.  that  from  our  terrestrial  standpoint 
seconds  of  arc,  has  an  actual  height  of  six 
thousand  miles,  and  one  minute  of  arc  is  equal  to  about  28,000 
miles:  one  of  the  hydrogen  prominences  to  be  described  here- 
after was  observed  to  have  an  arc  value  of  13',  equal  to  350,- 
miles.  and  it  was  thrust  upward  from  the  photosphere 
itb  the  astounding  velocity  of  two  hundred  miles  a  second! 
Actual  motions  of  a  thousand  miles  an  hour  are  not  rare. 
and  towering  forms  of  writhing  gas,  thirty  thousand  miles  in 
height,  are  often  seen. 

II.  Distance,  density,  and  mass  of  the  sun, — The  Sun 
occupies  one  focus  of  the  Earth's  elliptical  orbit,  so  that  its 
distance  varies  with  the  season:  the  mean  distance  is  ninety- 
three  million  miles.  Our  knowledge  of  this  depends  upon 
the  measurement  of  solar  parallax — a  quantity,  therefore,  of 
the  very  first  importance:  indeed,  secondarily,  what  we  know 
of  the  distances  of  the  whole  celestial  host  depends  upon  it. 
The  most  accurate  value  of  this  parallax  is  8.8";  it  is  the 
igie  formed  at  a  point  of  the  Sun  by  the  directions  in  which 
o  obser^-e^s,  one  at  each  end  of  the  Earth's  radius  as  a  base 
■ould  see  the  point.  The  base  line  is  quite  accurately 
mown,  but  the  angle  is  small  and  most  difficult  to  measure; 
and  the  least  inaccuracy  introduces  enormous  errors  Into  the 
distance  resulting  from  calculation  on  the  data:  hence  the 
unreliability  of  the  Sun's  distance  to  within  thousands  of 
miles.  Upon  the  value  given  above,  however,  several  other 
matters  relating  to  the  Sun  have  been  determined:  its  diame- 
ter, 865,000  miles;  weight.  330,000  times  that  of  the  Earth; 
density,  one-quarter  that  of  our  globe;  and  force  of  gravity, 
twenty-seven  times  that  we  experience;  or.  to  state  it  other- 
wise, such  is  the  immense  bulk  of  matter  in  the  Sun — its 
attracting  mass,  that  a  body  would  there  fall  443  feet  a  second 
whereas  it  falls  only  sixteen  feet  a  second  on  the  Earth,  and  a 
man  weighing  here  150  lbs.  would  there  weigh  about 
tons. 
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The  Sun  revolves  on  its  axis  once  in  25^1  days;   and  tl 
velocity  of  light  is  186,000  miles  a  second. 

12.  Aspect  of  the  solar  disc. — Viewed  through  a  tele-' 
scope,  the  Sun  presents  quite  a  different  aspect  from  the 
smooth  brilliant  orb  seen  by  the  naked  eye:  true,  it  is  not  like 
the  Moon,  rugged,  with  mouiitain  range  and  valley  deep, 
affording  strong  contrasts  of  light  and  shade;  but  appears 
like  a  field  of  whitish  sand  strewn  with  large  dazzling 
grains;  or  like  lumps  of  the  pure  white  curd  of  milk  floatii 
in  a  turbid  whey — a  contrast  of  brilliance  and  dullness- 
mottled  surface,  produced  by  small  shining  bodies  disposi 
in  patches,  groups,  and  streaks  over  a  sombre  ground. 

13.  Constituents  of  the  Sun — So  many  of  the  terrestrii 
substances  have  been  found  {by  the  spectroscope)  in  the  Suil 
— iron,  tin,  zinc,  lead,  copper,  carbon,  silver,  nickel,  silicon, 
etc.^ — that  it  has  been  well  said  that  if  the  Earth  were  heated 
to  the  degree  the  Sun  is,  it  woukl  give  a  similar  spectrum. 
But  the  matter  of  the  Sun  cannot  exist  in  either  the  solid 
or  liquid  state,  as  with  us.  Every  element  has  a  "  critical  " 
temperature,  above  which  it  cannot  be  liquefied,  however 
great  the  pressure,  and  the  temperatures  of  the  Sun  so  far 
transcend  those  at  which  all  the  elements  may  be  converted 
into  vapor,  that  it  is  incredible  that  these  elements  should 
exist  in  any  other  condition  than  vapor  in  the  Sun.  This  in- 
ference is  corroborated  by  the  solar  density :  being  only  about 
one-quarter  that  of  the  Earth,  the  same  substances  consti- 
tuting both  must  be  in  different  conditions  in  each — lighter 
in  one,  heavier  in  the  other — vapors  in  the  Sun,  solids  in  the 
Earth.  The  Sun  is  therefore  most  probably  a  whirling  bail 
of  varied  metallic  gases,  and  this  view  is  borne  out  by  spec- 
trum analysis. 

The  matter  of  the  Sun  cannot  of  course  be  of  the  same 
temperature  and  consistency  throughout:  in  the  core  the 
heat  must  be  more  intense  than  on  the  rim,  where  it  has  free 
radiation  into  space;    and  the  excessive  compression  must 
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render  the  inner  gases  of  the  viscosity  of  tar  as  compared 
with  the  mobility  of  the  outer  hydrogen. 

The  Sun  is  considered  made  up  of  a  series  of  concentric 
layers  or  shells  of  very  irregular  outline — tlie  nucleus,  photo- 
sphere, chromosphere,  protuberences,  and  corona.  Tlie 
photosphere  is  the  dazzling  disc  we  see,  composed  of  brilliant 
self-luminous  clouds  floating  in  tenuous  gases,  just  as  the 
clouds  of  Earth  hang  in  our  atmosphere;  but  while  ours  are 
of  watery  vapor  midst  a  mixliire  of  oxygen  and  nitrogen, 
those  of  the  Sun  are  droplets  of  many  metals  condensed  on 
the  outer  confines  of  the  Sun  and  buoyed  up  by  vapors  of  the 
same  metals  and  others  less  condensable. 

Between  and  above  the  metallic  clouds,  the  metallic 
atmosphere  exists  and  constitutes  the  reversing  layer  that 
absorbs  the  radiant  waves  from  the  brilliant  cloud  masses, 
and  thus  furrows  the  solar  spectrum  with  dark  lines.  When 
the  disc  of  the  Sun^ — the  photosphere — is  hidden  during  a 
total  eclipse,  there  still  remains,  as  a  border  outside  it,  the 
reversing  layer— the  solar  atmosphere  of  incandescent  metal- 
lic gases:  "  As  the  Moon  advances,  making  narrower  and 
narrower,  the  remaining  sickle  of  the  solar  disc,  the  dark  lines 
of  the  spectrum  for  the  most  part  remain  sensibly  un- 
changed, though  becoming  somewhat  more  intense. 

"  A  few.  however,  begin  to  fade  out,  and  some  turn 
palely  bright  a  minute  or  two  before  totality  begins. 

"  But  the  moment  the  Sun  is  hidden,  through  the  whole 
length  of  the  spectrum,  in  the  red,  the  green,  and  the  violet, 
the  bright  lines  flash  out  by  hundreds  and  thousands  almost 
startlingly:  as  suddenly  as  stars  from  a  bursting  rocket  head, 
and  as  evanescent,  for  the  whole  thing  is  over  within  two  or 
three  seconds.  The  [reversing]  layer  seems  to  be  something 
under  a  thousand  miles  in  thickness  and  the  Moon's  motion 
covers  it  very  quickly."  (Prof.  C.  A.  Young.)  This  action  of 
the  reversing  layer  on  the  light  waves  forms  the  basis  of 
spectrum  analysis  and  is  explained  in  article  59. 
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I  the  photosphere  to  such  extent  that  they  decrease  greatly 
bm  center  to  circumference:  considering  heat,  white  hght 
pd  its  components  each  100  at  the  center,  they  fall  off  in 
igular  gradients,  until  at  the  circumference  they  are  as  fol- 
violet,  13;  blue.  16;  green,  18;  yellow,  25;  red,  30; 
plite,  ly,   and  heat.  43. 

In  concentrating  the  heat  of  the  Sun  with  a  burning  glass, 

;  merely  produce  the  e§ect  of  approaching  the  object  in 

;  focus  of  the  glass  to  such  proximity  to  the  Sun  that 

;  latter  appears  of  the  same  size  as  the  km  does,  viewed 

JEwn  its  own  focus.    "  The  most  powerful  lens  yet  made  thus 

rtually  transports  an  object  at  its  focus  to  within  two  hun- 

!*d  and  fifty  thousand  miles  of  the  solar  surface,  and  in  this 

^cus   the    most   refractory   substances — platinum,   fire-clay, 

and  the  diamond— are  either  instantly  melted,  or  dissipated 

in  vapor."     (Prof.  C-  A.  Voung.) 

15.  Renewal  of  radiation — The  enormous  quantity  of 
heat  radiated  by  the  Sun  must  have  a  source  of  supply,  other- 
wise a  perceptible  decrease  would  be  observed  during  the 
age  of  man.  which  is  not  the  case.  It  is  known  that  all  space 
is  strewn  with  cosmic  matter — fragmentary  particles  from  the 
size  of  a  meteor  to  that  of  a  planet:  the  impact  of  matter 
upon  matter  gives  rise  to  heat,  and  if  only  a  hundredth  part 
the  mass  of  the  Earth  were  hurled  from  its  distance  into  the 
Sun  annually,  it  would  maintain  its  radiance  at  a  constant. 
Astronomical  reasons,  however,  render  this  improbable  as 
the  only  or  chief  source  of  renewal.  .-Another  possible  means 
of  supply  is  the  contraction  of  the  Sun  itself:  "  The  same  total 
amount  of  heat  is  produced  when  a  body  moves  against  a 
resistance  which  brings  it  to  rest  gradually  as  if  it  had  fallen 
through  the  same  distance  freely  and  been  suddenly  stopped. 
If,  then,  the  Sun  does  contract,  beat  is  produced  in  enormous 
quantities,  since  the  attracting  force  at  the  solar  surface  is 
twenty-seven  times  that  on  the  Earth,  and  the  mass  is  so  im- 
mense" (Prof.  Young);   and  it  has  been  calculated  that  an 
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annual  contraction  of  the  Snn's  diameter  of  about  three  hui 
dred  feet  would  compensate  for  its  radiation.  This  procc! 
brings  about  heat  in  another  way:  the  confined  gases  of 
nucleus  must  periodically  reach  a  limit  of  compression  w 
an  outburst  must  occur,  and  volumes  of  the  molten  matter 
hurled  outward  as  the  eruptive  prominences  indicate:  rei 
ing  the  outer  cold  of  space,  this  matter  is  condensed  i 
a  metallic  rain  which  falls  in  sheets  upon  the  photosph 
giving  out  heat  both  by  the  impact  and  the  process  of  coi 
densation.  We  have  the  analogous  process  on  Earth,  win 
ascending  vapors  gather  into  clouds,  fall  as  rain,  and  renei 
the  streams  that  are  temporarily  depleted  by  flow  into  tl 
ocean.  Heat  is  absorbed  in  evaporation  and  given  out  in 
densation. 

i6.  The  Sun's  motion  in  space.— The  Sun  is  not  abs 
iutely  fixed:  "it  do  move";  and  is  driving  through 
toward  a  point  in  the  constellation  Lyra,  at  the  rate  of  thirty- 
three  mites  a  second,  dragging  with  it  the  whole  planetary 
system;  thus.  "  the  Earth,  instead  of  describing  a  closed 
ellipse,  of  which  the  Sun  occupies  one  of  the  foci,  really 
moves  on  a  sort  of  elliptical  helix  traced  on  a  cylinder  of 
which  the  axis  is  the  path  of  the  Sun  through  space. 
(Angol.) 

17.  The  Sun  a  source  of  magnetic  energy. — Iron  is  th( 
home  of  magnetism,  and  a  mass  of  it  placed  in  the  mitlst  0I 
a  stream  of  electromagnetic  waves  gathers  them  in  as  a 
sponge  does  water.  Of  all  the  metals  in  the  Sun,  the  lines 
of  iron  are  by  far  the  most  numerous,  more  than  two  thoi 
sand  of  them  furrowing  the  spectrum;  and  they  are  also 
most  intense,  calcium  alone  excepted. 

While  experiment  shows  that  at  very  high  temperatures- 
magnets  temporarily  lose  their  distinctive  virtue — to  acquire 
it  again  on  return  to  the  original  heat — still  this  does  not 
exclude  the  probability  of  the  various  processes  in  the  Sun 
producing  electromagnetic  energy.     Scarcely  a  mechanical 
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action  on  Earth  but  excites  the  electromagnetic  condition, 
which  by  suitable  means  may  be  converted  into  a  current  that 
expires  in  a  succession  of  sparks.  To  enumerate  but  the 
principal  sources,  take  Friction;  any  two  dissimilar  metals 
rubbed  together  will  cause  the  electric  condition,  and  one 
has  only  to  recall  the  r^umber  of  frictional  machines  that  have 
been  constructed  for  its  abundant  supply,  to  appreciate  the 
importance  of  this  source;  Crushing  or  Grinding  of  bodies, 
which  is  but  a  kind  of  intimate  friction  of  their  particles; 
Pressure,  Rending,  Concussion,  Disruption^,  Vibration — all  these 
give  rise  to  the  electromagnetic  condition. 

The  minute  droplets  of  the  various  metals  in  the  Sun  are 
forever  grinding,  clashing,  and  rubbing  against  each  other, 
and,  as  a  consequence  of  these  actions,  vibrating  also,  and  all 
with  a  power — a  violence — beside  which  the  most  intense 
processes  of  the  same  kind  on  Earth  are  but  the  puny  motions 
of  pigmies.  Imagine,  if  possible,  the  thrust  that  would  hurl 
a  mass  of  gaseous  droplets  of  copper,  zinc,  iron,  tin,  and  silver 
to  the  height  of  a  hundred  thousand  miles  with  the  velocity 
of  a  hundred  miles  a  second,  as  occurs  when  an  eruptive 
prominence  is  shot  out  from  the  photosphere — the  grinding 
and  crushing  together  of  the  particles — the  resulting  vibra- 
tory movement  of  the  atoms — and  then  think  if  these 
processes  produce  electromagnetic  \vaves  on  Earth,  what 
billows  must  come  from  the  Sun!  And  it  is  a  well-estab- 
lished fact  that  often,  concurrently  with  these  eruptions  in 
the  Sun,  the  magnetic  needles  on  Earth  shiver  and  oscillate 
as  if  struck  by  a  succession  of  these  very  billows:  at  the 
same  time  auroras  appear;  now,  auroral  stratification  and 
colors  may  be  produced  in  miniature  in  a  vacuum-tube  by 
bringing  it  w^ithin  the  influence  of  electric  discharges;  so 
that,  granting  that  electromagnetic  waves  result  from  solar 
outbursts,  when  they  reach  the  rare  regions  of  our  atmos- 
phere, they  illumine  them,  and  as  a  consequence  we  have 
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those  brilliant  auroras  that  cap  the  magnetic  poles  like  huge 
candle-extinguishers. 

Chemical  action  is  another  fruitful  source  of  electricity, 
and  the  chemical  effects  of  the  Sun's  rays  are  everywhere  visi- 
ble: is  it  not  likely,  then,  that  with  the  substances  and  proc- 
esses that  supply  electricity  on  Earth  existent  also  in  the 
Sun,  there  should  be,  midst  its  fiery  violence,  combination 
and  disruption  of  elements — both  chemical  actions — ^and  as 
a  consequence  electromagnetic  waves  of  solar  size? 


Section  Two  :  Radiant  Energy  Variously  Illustrated. 

i8.   Ancient  and  modem  views  of  radiant  energy. — 

In  the  early  efforts  to  explain  natural  phenomena,  Light  was 
attributed  to  luminous  particles  shot  out  from  some  source; 
Heat  was  an  imponderable,  Caloric,  that  wandered  from  one 
substance  to  another;  Magnetism  was  a  peculiar  effluvium 
emitted  by  certain  metals;  Chemical  Reaction  was  Phlogis- 
ton; and  even  unto  our  day.  Electricity  is  spoken  of  as  a  fluid, 
decomposable  into  positive  and  negative  parts. 

During  the  17th  century  these  views  began  to  be  ques- 
tioned, and  others  put  forward — hesitatingly  at  first,  but  WMth 
growing  strength  as  bolder  thought  grappled  the  subject. 
About  tile  beginning  of  the  19th  century  the  Undulatory 
Theory  of  Light  and  the  Dynamical  Theory  of  Heat  were 
clearly  stated,  and  firmly  established  by  experiment;  and 
to-day,  few,  if  any,  (lisj)ute  them.  Electricity,  Magnetism, 
and  Chemical  Reactic^n  have  also  been  spoken  of  as  the  re- 
sults of  a  motion  of  some  medium:  the  undulatory  theory 
has  exj)an(le(l,  and  voices  in  its  favor,  like  ripples  from  vari- 
ous sources,  have  risen  at  many  points,  and  are  moving  in 
harmony  toward  the  same  goal;  and  the  indications  are,  that 
they  will  eventually  coalesce  into  one  wave  to  drown  all  doubt 
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of    Radiant    Energy  being    a    varied    movement    of    some 
medium. 

19.  Primary  motions. — There  are  four  primary  motions 
— translatory,  rotary,  oscillatory,  and  vibratory;  and  all 
others  are  compounds  of  these.  The  first  is  rectilinear — a 
car  moving  along  a  track;  the  second,  round  an  axis,  like  a 
top  or  fly-wheel;  the  third,  a  to-and-fro  swinging  of  the 
whole  mass  of  the  body,  like  a  pendulum;  and  the  fourth,  a 
periodic  change  of  form  of  the  object  itself,  as  a  tuning-fork, 
which  sways  back  and  forth,  alternating  its  form  to  a  curved 
oulHne  on  each  side  of  a  straight  line  which  is  its  middle 
position;  or  a  vibrating  bell,  which  changes  from  an  ellipse 
in  one  direction  to  another  at  right  angles  thereto,  while 
passing  through  its  natural  circular  form  between  both. 

Tlie  wave,  or  undidatory  movement  is  made  up  of  the 
translatory  and  oscillatory,  and  a  combination  of  translation 
and  rotation  gives  the  spiral  motion.  Atoms,  equally  with 
large  masses,  may  have  any  of  the  primary  motions  or  their 
compounds;  in  masses  they  are  called  mechanical — in  atoms, 
molecular;  and  this  is  the  only  distinction,  that  one  is  visible, 
the  other  not — there  is  no  difference  in  kind  in  the  motion  of 
mass  or  molecule.  An  atom  may  rotate  as  the  Earth  does. 
or  be  projected  in  space  as  that  body  is;  also  it  may  vibrate 
as  a  bell  and  swing  to  and  fro  like  a  pendulum:  all  these  un- 
seen molecular  motions  are  no  less  real  than  the  visible  me- 
chanical movements  of  bell,  car,  or  fly-wheel,  and  they  have 
been  reasonably  inferred  from  varied  experiment. 

20.  All  substances  reducible  to  definite  elements 
whose  atoms  are  forever  yibrating-^-CIieniical  analysis  ha-S 
reduced  all  matter  to  about  seventy  different  elements,  and 
spectrum  analysis  has  established  the  fact  that  each  of  these, 
when  in  a  stale  of  glowing  vapor,  exhibits  a  distinctive  color 
or  group  of  colors  by  which  it  may  be  recognized. 

A  particular  color  is  due  to  a  specific  wave  of  ether^  and 
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each  color  being  producible  at  will  by  raising  its  corresi>ond- 
ing  substance,  in  gaseous  form,  to  a  state  of  incandescence, 
it  follows,  both  that  the  atoms  of  those  vapors  are  the  origin 
of  the  waves,  and  that,  as  these  differ  one  from  another,  so  do 
their  sources. 

The  existence  of  waves  requires  motion  in  the  source — ^a 
Tihration — ^just  as  a  rubber  ball  expanding  and  contracting  in 
water  will  give  rise  to  a  motion  in  liquid. 

From  the  myriad  sources  of  light  throughout  the  uni- 
verse, ether- waves  are  circling  forth:  they  commingle,  cross, 
and  interfere  in  every  possible  way;  separately,  they  give 
color — combined,  they  give  white  light;  as  the  simple  undu- 
lation, they  produce  ordinary  light — as  the  spiral  wave,  rotary 
polarized  light:  but  whatever  their  effects,  their  origin  is  a 
vibration  of  atoms. 

*  Ere  the  filament  of  a  glow-lamp  reaches  the  luminous 
stage,  it  has  been  warmed  by  the  electric  current:  cover  the 
bull>  with  the  hand  and  we  can  feel  its  heat — how  did  it  ac- 
([uire  it?  Xot  from  the  current  directly,  for  that  did  not 
enter  the  glass.  It  passed  through  the  carbon  only  and  threw 
its  atiMiis  into  greater  vibration:  this  excited  waves  in  the 
other,  which  fell  upon  the  glass  and  urged  its  atoms  into 
syiu'linMuius  movement:  the  hand  felt  the  latter  by  material 
rDiiiaot.  l>ut  it  mii^ht  have  felt  it  also  from  concussion  of  the 
eiluT  waves  themselves.  .Vnd  mark,  that  these  ethef-waves 
ari»M'  in  ilie  center  of  the  glass  bulb  and  expanded  across  its 
4*nrlt>sini;  space — a  reijion  void  of  air. 

Ml  matter  is  v:uiouslv  warm  or  cold  to  the  touch,  and  is 
i'\c\  interchanging  this  condition  with  other  matter  in  the 
\iiniit\  ;  which  is  the  equivalent  of  saying  that  the  atoms  of 
v\c\\  snhstanci*  in  nature  are  variously  vibrating,  and  hence 
M-ncJini;  ont  into  the  ether  a  multiplicity  of  waves  of  every 
ciMh  ( i\  .iMi'  aniplitnile.  for  upon  this  feature  of  the  wave  does 
llif  "li'^'i  ic  ol  luMt  depend. 

I  )illi"unt  '.nl>siani'es  .n e  dilTerentlv  elastic  and  dense,  and 
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as  masses  are  only  aggregations  of  atoms,  it  is  reasonable  to 
infer  that  the  atoms  are  elastic  and  dense  too,  even  vari- 
ously so. 

Elastic  bodies — hells,  tuning-forks,  and  piano-wires — 
have  not  one  simple  vibration  alone;  but  upon  the  funda- 
mental note  is  superposed  a  variety  of  harmonics  coming 
from  minor  vibrations  of  the  same  body:  so  we  may  be  sure 
that  the  elastic  atoms  of  any  one  substance  do  not  expand 
and  contract  in  one  single  rythm,  but  like  their  aggregate 
masses,  have  their  atomic  overtones  due  to  varied  molecular 

^■ement, 

31.  Analogies   of  sound   and  light. — If     we     strike     a 

-golden  placLue,  it  gives  out  a  clear  ringing  note;    if  a  brass 

plate,  a  harsh  metallic  ciang;    and  if  a  sheet  of  lead,  only  a 

dull  thud:    it  is  the  atoms  of  these  metals  in  the  aggregate 

that  really  take  up  the  motion  oE  the  blow  and  pass  it  on  as 

ilses  of  air;   it  is  the  same  air  that  is  the  medium  for  all.  so 

lat  the  difference  in  sound  must  be  due  to  the  difference  in 

ibration  of  atoms  of  gold,  brass,  and  lead:    each  emits  its 

fotinctive  note — a  wave  of  specific  length,  period,  and  am- 

itude.     Similarly,  the  atoms  of  elements  in  the  Sun.  glow- 

ig  with  the  intensity  of  their  motion,  send  out  into  the  ether, 

■es  equally  characteristic  of  each  element — waves  of  spe- 
ific  length,  period,  and  amplitude. 

The  voice  may  be  pitched  to  a  deep  base  or  high  soprano; 
musical  instruments  yield  bolh  graver  and  shriller  notes;  and 
the  possibilities  of  hearing  are  still  beyond  these:  yet  both 
above  and  below  these  limits  there  are  sounds  we  cannot 
hear — the  means  of  making  them  exist,  but  not  one  of  the 
three  thousand  strings  in  the  harp  of  ihe  ear  will  respond. 
So  wilh  the  waves  of  ether:  they  act  upon  the  retina  within 
certain  well-determined  limits  of  length  and  number  per  sec- 

.  but  for  more  or  less  we  have  no  responsive  fibres  in 

eye. 

Pitch,  or  rapidity  of  vibration,  is  to  sound  what  color  is 
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Ill  liKl>t;  ami  for  the  diatonic  scale  in  air  there  is  the  chro- 
iii.iiii'  s^alc  in  other — the  musical  notes  of  one  have  their 
.m.ilu^iirs  in  the  varied  colors  of  the  other:  moreover,  as 
fiiHu  tlu'  violin  wo  may  draw  notes  the  most  grave  to  the 
nil  1^1  aiuto  in  ono  unbroken  gradient,  so  do  colors  blend 
I  III-  into  anothor  without  gai^ — a  continuous  variation  in  the 
iiiiiiiIk'i  and  ainj^litudo  of  vibrations  per  second  producing  in 

I  lull    uspoitivo  modia — air  and  ether — notes  from  bass  to 
iipi.mo  and  ^'olors  from  red  to  violet.     And  as  the  audible 

nuU-i  ciio  llankod  by  others  too  grave  and  too  acute  for  the 
I. II,  -^o  on  i\u'h  sido  of  iho  visible  rays  there  are  others  in 
»Miiiinnons  mm ios  that  do  not  attect  the  eye.  but  do  produce 
lii.ii    I  lu'iinral  aoiivitv.  olooiricitv.  and  magrnetism. 

I  hi     ^Llkinl;    ot   t|uiok-limo — a   chemical    process — gives 

II  .i  lo  .1  ln^^lnl;  sound,  anil  the  explosion  of  fulminates  is 
.iiiMilui  illnsi union  of  sound  produced  by  chemical  action; 
I  hi  I  \M  IJinv;  noi>o  kA  a  torrent  of  sparks  from  a  statical  ma- 
,  hnu  i-  r\iilnu'o  \A  sound  arising  from  electrical  sources; 
ihv  m.iKi-  M\A  1m oak  of  tho  curren:  in  an  electromagnet  may 
1.1  .|..nv  v«iun  o»\ous;h  tv^  convert  t:ie  click  following  each 
ii,(,.  ^  i  iMiii  niv^UN  hinu.  showing::  that  sound  can  be  caused 
l.»  ni.u  luh  ni.  iho  sincit\C  r^.an:e — a  musical  sound,  is  the 
.l.,..i  mM  y\\\\\.\  o!  boat:  and  by  tinving -the  reflection  and 
^,  ui.  U  x\\.\\  ol  .1  bo.nn  of  !ii::u  from  a  suiiably  prepared  deli- 

.  ,,       uiiiii     iho  l.utoi   is  :b.!\nvn  i:'.:o  s;:oh  periodic  motion 

.  !,.i   M    .  .vi  ■  .1  nolo  oonospv^T^vIir.g  :o  the  frequency  of  the 

.   ,...M     iu.l  ihu-.  wo  lia\o  sv^;::u;  fro:::  light:    if  progeny  de- 

u,.  lit   i.|  n-.  paion:.  t;:o:i  So;:::^: — a  movement  of  the 

.      .  ..  .1    .1   \\\  i!u".o  tonus  of  :Viv-iJ.:::  o::orgy — points  to  them 

.,..niui     ol   iho  o:hov.      M^^tio::  i::  the  Consequent — 

,M,    upi'o.o.  tKoi'.vV.  /vs  :>.o  :\i:;:re  or  characteristic 

\  n..,vhm      ho.;:.  *::;:':.  olootrioity.  n:agnetism,  and 

». ,,   I.  n,»  vvMijlto:  v^t  :::oso  \.iriod  phenomena:   the 
..     .    ,    'i,.!!   UsW  .nu!  r.o  v.:.;j;v.v:'0  tto'.d  of  an  atom  are 
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two  distinct  spheres  of  influence  in  the  same  locality,  just 
as  light  and  soijnd  occupy  the  same  space. 

32.  Stress  in  the  ether  an  electro-magnetic  cooditioii. 
— An  electric  car  passing  near  a  magnelic  observatory  gives 
every  needle  in  it  a  shudder;  the  variation  of  the  current  in 
the  conducting  wire  sends  out  a  magnetic  wave  whose  im- 
pulse all  the  instruments  feel:  so  the  surging  of  electro- 
magnetic billows  on  the  Sun  send  violent  tremors  through 
magnetic  needles  on  the  Earth.  With  very  rapid  alternators, 
the  current  is  neither  wholly  nor  in  great  part  a  transfer  of 
energy  111  a  wire;  it  is  only  skin-deep  and  a  very  thin  skin 
al  that;  it  is  mostly  the  trati,sfer  of  a  series  of  strains  through 
the  ether  in  immediate  contact  with  the  wire. 

The  ether  around  a  charged  Leyden  jar,  a  dynamo,  or 
:her  reservoir  or  source  of  electricity  in  operation,  is  in  a 
state  of  strain — polarized,  as  it  is  called:  it  is  energy  in  a 
condition  of  stress — the  energy  of  the  motive  power  that 
charged  the  jar  or  turned  the  dynamo;  and  the  decay  of  this 
lergy — the  relief  from  tension  of  the  ether — may  be  slow 
glass,  or  rapid  as  in  copper,  when  It  constitutes  the  elec- 
;c  current.  In  the  latter  case  the  decay  is  constantly  and 
rapidly  replaced — the  tension  renewed  by  the  source;  and 
the  ether  transmits  tlje  motions  of  the  source  as  it  receives 
them. 

33.  A  platinum  wire  heated  more   and  more  displays 

all  the  prismatic  colors  in    succession Here  mav  fitly  be 

described  an  experiment  that  has  been  variously  performed: 
it  will  illustrate  the  intimacy  between  the  ditiferent  forms  of 
radiant  energy.  In  a  darkened  room  stretch  a  platinum  wire 
horizontally  and  have  a  foot  or  so  of  it  of  very  small  size. 
Connect  the  wire  with  a  source  of  electricity  outside  the 
room;  and  have  at  hand  a  rock-salt  prism,  which  gives  the 
freest  passage  to  heat  rays,  a  battery,  a  galvanometer  with 
spot-of-light  pointer,  a  magnetic  needle  poised  on  a  pivot, 
and  a  bolometer.     This  last  is  a  "sensitive-nerve"  to  heat: 
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it  consists  of  two  small  strips  of  iron  or  palladium  placed  in 
a  little  case,  and  its  principle  is  the  varying  resistance  these 
offer  to  an  electric  current  when  differently  heated;  and  so 
sensitive  is  it  that  the  difference  in  heat  coming  from  a  bright 
band  and  a  dark  line  of  the  spectrum  is  indicated  by  the  vari- 
ation in  current  passing  through  it,  and  hence  by  a  corre- 
sponding movement  of  the  spot  of  light  of  the  galvanometer 
with  which  the  **  nerve  ''  is  connected. 

At  first,  all  is  dark  in  the  room,  and  only  by  touch  can 
we  know  that  the  wire  is  present;  but  send  a  w-eak  current 
through  it,  and  other  indications  of  its  presence  arise:  a 
gentle  warmth  emanates  from  its  midst  and  a  magnetic  whirl 
surrounds  it — the  magnetic  needle  reveals  the  one,  pointing 
everywhere  across  the  direction  of  the  wire,  and  a  thermome- 
ter the  other,  whose  rays,  moreover,  may  be  refracted  by 
the  prism.  Increase  the  current,  and  the  coexistent  fields  of 
heat  and  magnetism  grow  in  intensity,  while  more  refrangi- 
ble rays  pass  through  the  prism.  Urge  the  current  more, 
and  a  faint  red  band  will  appear  upon  the  wall,  the  first  visi- 
ble radiation  to  be  refracted. 

Continue  to  strengthen  the  current,  and  at  each  increase, 
a  new  and  more  refrangible  band  of  color  will  be  added  to 
the  preceding — orange,  yellow,  grden,  blue,  indigo,  and 
violet,  each  in  its  natural  order,  and  eventually  the  final  stage 
— white  light. 

While  the  more  refrangible  rays  were  successively  emit- 
ted from  the  wire,  those  previously  generated,  persisted  in 
their  original  wave-lengths,  though  each  increased  in  ampli- 
tude— they  became  more  intense,  the  obscure  radiations 
warmer,  the  visual  ones  more  vivid  in  color.  The  com- 
mingling of  all  the  latter  produced  the  white  light  that  finally 
appeared. 

By  gradually  lessening  the  current,  the  reverse  of  the 
foregoing  takes  place:  violet  first  vanishes,  then  the  others 
in  order,  eventually  red,  and  lastly  the  fields  of  heat  and  mag- 
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betism  disappear,  and  the  presence  of  the  wire  becomes 
mown  only  as  at  first  by  mere  material  contact. 

24.  Decomposition  of  white  light. — The  converse  of 
khe  preceding  experiment — tlie  analysis  of  white  light — will 
'  now  be  described.  In  Fig.  3  let  P  be  a  prism  set  up  in  a 
darkened  room,  and  through  a  small  hole  in  the  wall  at  R  let  • 
a  ray  of  sunlight  enter,     If  the  prism  were  not  there,  the  ray 

I  would  continue  directly  to  K  as  a  pencil  of  white  light;  but 
Massing  through  the  prism  (of  different  density  from  the  air) 


Fio.  3. 

Sic  velocity  is  thereby  changed,  and  the  light  issues  in  a  fan- 
baped  colored  band,  showing  that  it  was  not  composed  of 
ays  of  one  refrangibility,  but  of  waves  of  varied  length,  each 
tariously  retarded  by  the  prism  and  thus  differently  bent  out 
bf  the  direct  course.  "The  group  of  colored  rays  between  S 
"and  C  is  usually  called  the  Solar  Spectrum;  but  the  complete 
spectrum  embraces  also  the  group  of  rays  between  A  and  B 
as  well  as  that  between  C  and  D.  both  obscure,  and  which 
differ,  as  waves,  from  the  middle  luminous  sheaf,  only  in  that 
the  former 'group  con.sists  of  longer  and  leis  refrangible 
waves,  and  the  latter  of  shorter  and  more  refrangible  ones. 
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The  three  groups  produce  different  characteristic  effects. 
Begin  at  X  and  pass  the  bolometer  along  the  line  ABCD  to 
Z,  noting  the  galvanometer  indications  at  regular  short  in- 
tervals— these  indications  are  proportionate  to  the  tempera- 
tures. Draw  a  line  A'B'CD\  Fig.  4,  three  times  the  length 
of  ABCD  (merely  to  have  a  large  and  clear  figure)  and  at  A*^ 
erect  a  perpendicular  to  A'D'  proportional  to  the  first  re- 
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Fig.  4. 

corded  temperature  above  that  of  the  room,  supposed  cof%- 
stant.  Similarly,  draw  lines  at  all  the  intervals  and  make  them 
proportional  to  the  series  of  observed  temperatures.  Con- 
nect the  ends  of  the  lines  and  we  have  the  thermal  curve 
A'MC  enclosing  the  region  of  waves  that  produce  heat 
chiefly.  It  will  be  seen  that  from  B'  to  C  they  are  mingled 
with  the  luminous  waves,  but  that  the  maximum  of  heat  does 
not  come  from  amidst  this  mixture  but  well  below  it,  and 
that,  furthermore,  above  C  heat  waves  are  rare. 

To  determine  the  relative  brightness  of  the  colors,  a  sim- 
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liar  procedure  is  followed  with  a  photometer,  one  form 
of  which  is  shown  in  Fig,  5.  It  consists  of  a  telescope 
cs  set  at  right  angles  to  a  lube  T;  on  the  tube  a  lamp  L  is 


Fic   5. 


laced,  which  gives  a  steady  light;  it  is  moveable  in  and  out 
|F  a  micrometer  screw  i';  P  is  a  counterpoise,  and  below  the 
ure  is  a  section  of  everything  with  accented  letters;  a 
ftiall  mirror,  n.  is  fixed  at  an  angle  of  45°  with  the  axis  of  the 
tttescope  to  reflect  light  from  the  lamp  into  the  eye. 

To  make  an  observation,  the  telescope  is  directed  to  a 
©!or  of  the  spectrum  at  a  fixed  distance  from  the  edge  of  the 
•  P.  Fig-  3:  the  colored  light  enters  the  eye  directly 
ibove  the  edge  of  the  mirror,  and  that  from  the  lamp  by  re- 
lection  from  the  mirror  which  occupies  the  lower  half  of  the 
telescope:  the  lamp  is  then  moved  by  the  screw,  v,  until  the 
idge  of  the  mirror,  which  separates  the  two  lights,  no  longer 
})pears  as  a  distinct  line,  and  the  intensity  of  both  is  then 
iidged  equal.  The  instrument  is  moved  along  the  line, 
aBCD,  of  Fig.  3,  and  a  similar  observation  made  in  each 
50lor,  The  rdatiz'C  intensities  of  the  colors  are  inversely  pro- 
portional to  the  squares  of  the  several  distances  of  the  lamp 
from  the  mirror,  for  it  had  to  be  moved  in  each  case  to  blend 
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the  color  with  the  light  from  the  lamp,  and  these  distance! 
were  given  by  the  micrometer  screw.  Erecting  perpendicuJ 
lars  along  B'C  proportional  to  these  intensities,  and  con- 
necting their  ends,  we  have  the  curve  B'NC,  to  denote  the 
relative  brightness  of  the  colors;  and  it  will  be  seen  that  in 
the  yellow  is  the  maximum. 

An  entirely  analogous  method  is  adopted  to  ascertainfl 
the  chemical  efficacy  of  the  different  rays,  employing  an  in-' 
strument  shown  in  Fig.  6.  called  an  actinometer.    It  consist*! 


\ 


of  a  glass  trough,  ab,  nearly  full  of  water  slightly  acidulate<|! 
to  aid  electric  conduction;  two  metal  columns,  t  i',  have  arr 
from  which  hang  two  silver  plates.  / 1,  dipping  into  the  watera 
the  plates  are  coated  with  a  substance  highly  sensitive  tw 
chemical  action;  two  wires,  wzif,  lead  from  the  pillars  to  a 
very  delicate  galvanometer;  three  sides  of  the  trough  are 
opaque,  the  fourth  clear  and  shaded  by  a  screen,  c,  with  a  slit 
s;  the  apparatus  may  be  moved  along  a  graduated  rule,  r/J 
and  is  used  in  a  darkened  room.  A  ray  of  sunlight  is  ad*! 
mitted  as  before,  and  passed  througli  a  vertical  prism  \» 
obtain  a  horizontal  spectrum  for  convenience  of  observation; 
This  spectrum  is  first  shaded  ofT  and  the  actinometer  put  id 
place  so  as  to  be  moved  along  the  line  of  the  spectrum,  BCm 
Fig.  3.  for  instance,  supposed  horizontal,  and  then  beyond 
the  visible  rays,  along  CD.     The  slit  is  temporarily  coverei 
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To  make  an  observation,  the  screen  is  removed,  the  sHt  un- 
covered, and  the  swing  of  the  galvanometer  needle  noted; 
for.  instantly  that  the  rays  of  the  spectrum  coming  from  the 
]irism  fall  on  the  exposed  plate,  /'.  the  sensitive  film  suffers 
chemical  decomposition,  and  this,  like  the  similar  process  of 
a  zinc-copper  cell,  which  is  also  a  chemical  reaction,  produces 
an  eiectric  current  that  flows  through  the  wires  to  the  gal- 
vanomeler.     The  angle  of  deviation  represents  the  efficacy 
ot  the  rays  in  the  position  of  the  actinometer,  for  the  strength 
of  the  current  and  corisetjuent  greater  or  less  swing  Qf  the 
needle  depends  on  the  degree  of  chemical  action  caused  in 
that  part  of  the  film  by  the  light  falling  upon  it.     The  slit  is 
covered  again,  the  instrument  moved  to  a  new  position,  and 
the  procedure  repeated.     The  several  deviations  and  their 
corresponding    locations    along    the    spectrum    afford    the 
data  for  tracing  the  curve  HOD'  of  the  chemical  rays  in  the 
same  way  that  it  has  been  done  for  the  thermal  and  the 
luminous  rays.     It  will  be  seen  that  while  all  three  groups 
o*^  rays  overlap  one  another  from  H  to  C,  still  their  maxi- 
■"Um  effects  are  widely  separated,  and  that  that  of  chemical 
^*^'ion  is  in  the  violet  and  ultra-violet  region. 

By  the  dynamical  theory  of  heat  the  atoms  of  matter 
''^«  in  a  state  of  vibration,  varying  in  degree  with  its  tem- 
I*^'"ature  and  state,  whether  solid,  liquid,  or  gaseous;  so  that 
*"e  molecules  of  the  substance  coating  the  plates  are  con- 
dereil  as  being  in  a  vibratory  condition.     Among  the  waves 


^tde 


oi  light  falling  on  the  plate,  there  are  some  which  synchronist 
'"  rnovement  with  the  vibratory  motion  of  the  molecules  of 
^"^  film,  and  these  receiving  the  impact  of  the  waves,  like 
^'"1-timed  impulses  to  a  swing,  fly  beyond  each  other's  grasp 
■'"'"J  form  new  combinations:  the  motion  as  light  has  been 
'«en  up  by  the  atoms  with  concentrated  intensity  and  the 
"suit  is  a  chemical  reaction. 

But  this  atomic  rending  and  clashing  are  so  many  jars 
to  the  ether,  and  being  regular  and  rapid,  they  constitute  a 
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new  kind  of  motion  which  is  passed  on  to  the  g^vanometer 
and  moves  its  needle:  this  is  the  electromagnetic  wave — a 
compound  motion  in  the  ether — alternate  stress  and  its  decay 
along  the  wire  and  a  rotary  movement  around  it. 

Thus  the  movement  called  Light  has  been  followed  still 
as  a  movement  of  the  ether  in  two  other  phases— chemical 
action  and  an  electromagnetic  current. 

.  The  relation  between  Heat,  Light,  and  Chemical  Action 
is  evident  from  the  solar  spectrum;  they  are  all  the  effect  of 
waves  commingled  and  travelling  together;  the  electric  wave 
is  the  direct  offspring  of  chemical  action,  and  wherever  elec- 
tricity is  coursing  in  a  wire,  there  also  is  the  magnetic  whirl. 

25.  Ether  waves  and  their  effects  on  matter. — Ether- 
waves  is  the  name  given  to  the  movements  in  the  ether 
itself.  As  sound  is  a  sensation  of  the  brain  due  to  waves  of 
air  beating  upon  the  ear,  so,  ether-waves  falling  upon  matter, 
produce,  as  it  were,  a  sensation  in  its  molecules;  and  the  re- 
sult takes  the  name  of  Heat,  Light,  Electricity,  Magnetism, 
or  Chemical  Reaction,  chiefly  according  to  the  kind  of  matter 
that  the  waves  fall  upon. 

The  energy  as  a  wave  has  been  spent  as  a  manifestation 
in  matter.  A  motion  in  the  medium — ether- waves;  a  sen- 
sible effect  in  matter — heat,  light,  electricity,  magnetism,  or 
chemical  reaction:  this  is  the  condition  as  well  as  the  distinc- 
tion. 

There  are  not  particular  ether-waves  for  each  class  of 
phenomena — one  set  peculiar  to  heat,  another  to  light,  and 
so  on;  but  the  same  waves  falling  on  one  kind  of  matter  will 
be  dissipated  in  it  as  heat,  falling  on  another  they  become 
manifest  as  light,  while  in  a  third  they  set  up  a  chemical  re- 
action: not  that  the  same  train  of  waves  will  produce  all 
these  effects,  nor  some  of  them  equally  well,  for  they  will  not; 
certain  waves  will  be  strong  in  one  effect  and  feeble  in  an- 
other, and  they  will  produce  some  of  the  effects,  and  not 
others. 
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The  Sun's  rays  give  vigor  to  the  trees  of  the  forest:   in 
time,  they  fall  and  form  beds  of  carbon;  this  generates  steam 
which  moves  an  engine  that  actuates  a  dynamo,  giving  glow 
to  an  electric  lamp,  and  thus  the  cycle  of  the  sunbeam  is  a 
return  into  itself — Light!     And  throughout  all  these  trans- 
formations, motion  of  matter  and  movement  of  ether  may  be 
traced  as  the  actuating  springs. 


CHAPTER    III. 


WAVE-MOTION   AND   ITS   PHENOMENA, 


Section  One :  Waves  in  Different  States  of  ICatter. 

26.  A  physical  wave. — Wave-motion  has  both  a  physi- 
cal and  a  mathematical  representative,  and  each  is  important 
in  the  i)resent  subject;  the  first,  because  by  means  of  it  the 
kinshij)  of  the  several  forms  of  radiant  energy  will  be  more 
solidly  established  in  Chapter  IV  of  Part  First,  and  the 
second,  because  it  enables  us  to  unravel  the  entanglement  of 
the  subject  proper  of  this  treatise — the  Deviations  of  the 
Compass,  and  see  clearly  into  their  import. 

The  physical  aspect  of  wave-motion  will  be  dealt  with  in 
the  present  chapter — its  mathematical,  in  Parts  Fourth  and 
I'^ifth:  each  is  complementary  of  the  other,  and  both  fully 
illustrate  the  phenomenon. 

The  typical  wave  is  the  long  swell  of  the  sea  during,  or 
fi>llowiii^,  a  j::ale. 

It  is  of  irrov^ular  outline,  because  the  force  that  gives  rise 
to  it  is  titful — the  wind.  And  to  indicate  further  the  variabil- 
ity of  this  cause,  two.  three,  or  more  waves  of  nearly  the 
same  size  succeed  each  cuher.  and  then  will  follow  a  huge 
one,  evidently  raised  by  a  series  of  heavy  gusts — the  varied 
inijuilses  of  the  air  impressed  upon  the  mobile  features  of  the 
sea:  and  we  shall  tuul  the  analogue  of  all  this  in  wave-motion 
everywhere,  as  well  as  in  the  deviations  of  the  compass — 
irregularity  of  fmal  result  due  to  the  superposition  of  several 
causes,  each  symmetrical  in  itself. 
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37.  A  wave  in  solid  matter. — In  Fig.  y,  abc  repre- 
sents a  long  rubber  tube  hanging  by  its  upper  end;  on  taking 
hold  of  the  lower  end,  stretching  the  tube  a  little,  and  repeat- 
ing this  act  at  certain  short  regular  intervals,  the  tube  may  be 
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Fio.  7-         F'o.  8.  Fic.  9.      Fig.  10.    Fig.  11.   Fig.  is.      Fm.  13. 

made  to  swing  as  a  whole  between  adc  and  ace.  It  has  a 
definite  period  of  vibration,  dependent  on  its  length,  weight, 
tension,  and  thickness,  and  the  intervals  of  successive  stretch- 
ing must  be  identical  with  this  period.  While  the  tube  is 
hanging  quiet,  if  it  be  taken  by  the  lower  end  and  quickly 
jerked  aside,  a  hump  will  be  raised  which  will  travel  up  its 


3^  h\4r£-M0^IC^'  Axn  its  phexomexa. 

Inimh  a  lit  lie  out  vM  the  venical,  say  on  the  right  side,  and  on 
liiU  Inu^  the  tixeil  iH>in:  j.  will  be  reflected  and  travel  down 
on  ilu*  Ictl  siile  b\  the  same  amount  from  the  vertical  that  it 
\u\\\  i;\»ue  \jp:  in  other  words,  the  ang^le  of  incidence  and  of  re- 
lliMiou  \^t  the  hmnp  a:  j  are  e^ual.  and  these  respective  posi- 
|UM\^  *ue  Nhown  in  Fig^  8  anJ  g.  The  time  required  for  the 
hump  i\»  make  the  x:p  and  down  :rip  is  the  period  of  \-ibration 
\A  lhl^  pavtion^Av  tube  j^*  j  :.  tv\€\  and  indeed  it  is  the  accumu- 
laiiou  \M  >uvh  hnn'.j^  S  repealed  srretchinp  that  makes  the 
\\\W  >\\»uii  to  auvl  trv>  Ji>  showr.  in  Fig.  7.  Xow  let  the  time 
uvs  v'»a\\  tov  this  hu:r.p  :o  ^ss  from  r  to  a  be  one  second] 
M  I  hi*  ouvl  v^t  ha*!  a  sewr.v:  ::  vvcupies  the  position  ccb.  Fig. 
uv  \iN  KMOUvv^t  env:  ha\:::s:  rejichevl  :he  middle  point:  at  the 
cuvl  v^i  iho  tnl!  seNNvuL  i:  ^vc::p:e>  :he  position  bda.  Fig.  11, 
Un  k^cwuvs;  e*.Kl  hax^r.^:  reachev*.  j.  :>.e  fced  point  of  the  tube. 
\i  iS\N  \i»>:ai*.:.  wher.  !^::ec::c"  r^ns  at  a.  and  the  pulse 
siau>  >A*\\\»  tv^  vrv.*  -.he  v:"r\e  «  *  >.  P:§.  12,  let  another  jerk 
W  5^i\o\\  tho  ev.xl . ;  :'"e  re:>;f:.r5:  pclse  wi::  ascend,  and  after 
ilu  !.u^^o  .^t  ha'!  a  sew:*."  t:  .vV*.  -.^-r:  :he  cnr\-ecg&.  Fig.  12, 
II »  ivux  u\v*n;  0'^'  '.'.^nX^v.'^j:  .1:  ."*  :-^e  .ioAr.warv:  poise,  then  fully 
ix.iuuxl  \\\  ;ho  K-.'-ve  /  -  *  >:">:^  'rcc>  pc!ses  travelled  in  op- 
pii.i.v-  xlaN'x';-.o'.^N  \v  /•  .'">:  Vl■''•^i  .i'oo:>.  The  hump  c  ^  fr  has 
ilu   unpv-;v>>  u^  i^o  w  -r-  '  :■'    '■'  -^'^  •:  -■-:^  draw  the  point  b 

1-.  i!u    \x^.\'\\     /'o  '*. *  '  *  '^-^^  i"  o^uji!  intpecus  to  come 

I  MN  •*    iiul  u^  .U^  >.^     .  ■•*.:'':   ■  --•-  ^-  :'^v:  vcr-  *  :o  :he  left:  these 

.   ,u  ii    luvl  ^»!v^v>■:o    -•  ->.'>  •".'■*'.•";:'   *  •:":-:o%-abie.  SO  that  it 

I..    ..uu  .    r.  •,  wv'-c    t    -x^:--  ■'»•■•:.  i:  ->:ch  each  pulse  is  re- 

.1     ,..i     ■      'IN'.' ^   •-   '  ^'  '    >"  <    '}•  x-yl  ^gb  :xsbhc  ol 

'   '    x       c  :  ".  -   '  \    •*-<  ::  :".v  rube  will  vibrate 


.     .1   .K.  \    wnn    v'  '    •v  ^      *  -"vX-  •  ■.'••:  ,'•:  ejLch  other,  and  so 
I  ,  .",       . ml.. u  r  ■,-•.-    'A  ^   **^. --^  ■:,:'<;;<.  :'"e  ,"*ne  direct  from 

,.'.'.      u'u  .    -v  \\-  o"  *■*  '    ^»'"**  '"eecinij  at  b.  we 

•  vv  .       I    v-'i  \    w  •   v-.    .:-  -"n.'-i-    -   F::^.    13.     The 
M    .      .   '    I'  *    :  V   ci  sT*/     e'r:rx  segments. 
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If  the  jerks  had  been  so  timed  as  to  cause  the  length  of  the 
hump  to  be  one-third,  one-fourth,  or  any  other  equal  part  of 
the  tube,  there  would  be  along  its  extent  at  the  same  lime 
three,  (our,  or  a  corresponding  number  of  vibrating  seg- 
ments separated  by  fixed  nodes.  In  Fig.  12  the  whole  con- 
tour afbgc,  from  a  to  c,  is  called  a  wave;  and  to  form  it,  the 
particles  of  the  tube  moved  in  succession  to  the  right  and 
to  the  left,  while  the  direction  in  which  this  motion  (or  the 
wave)  was  propagated,  was  up  and  down;  and  this  cross- 
motion  of  the  particles  is  called  transverse  vibration.  To 
illustrate  it  further,  let  Fig,  14  represent  a  row  of  small  ivory 
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balls  connected  with  any  mechanism,  such  as  the  key-board 
of  a  piano,  that  will  give  them  vertical  motion;  by  running 
the  fingers  along  the  keys  with  varying  pressure  the  balls 
may  be  successively  raised  and  lowered,  as  in  Fig.  15;   draw- 
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ing  Fig.  i6  to  follow  this  contour,  we  have  the  wave, 
up-and-down  motion  of  the  balls,  that  is,  the  transverse  v 
tion  of  the  particles,  is  across  the  direction  it)  which  the  wave 
travels,  that  is,  the  movement  of  the  fingers  along  the  keys. 

28.  A  wave  in  liquid   matter. — A  wave  in  water  is  pro- 
duced exactly  like  one  in  the  rubber  tube  txc.  Fig.  1 
Fig.  17  represent  a  long  narrow  glass  trough  half  filled  wiU 
water.    By  quickly  tilting  one  end  upward,  the  water  is  givi 
an  impulse  tiiat,  like  the  hump  on  the  tube,  is  carried  alon] 
the  surface  to  the  other  end  where  reHection  takes  place.    Bn 
continuing  the  tilting  at  suitable  intervals,  two  stationary  unj 
dulations  with  a  node  between  may  be  formed;   and  furthei 
more,  by  shortening  the  interval  of  tilting,  a  succession  ( 
furrows  and  ridges,  as  in  Fig.  17,  may  be  produced — ai 


dulaiion  that  will  begin  at  A,  follow  the  line  aaa  to  B.  theif 
suffer  reflection,  and  return  along  ihe  line  bbb;  t 
correctly  speaking,  there  will  be  one  series  of  outward-bound 
pulses  and  another  series  inward-bound,  both  series  originat- 
ing and  ending  at  the  nodal  points  where  reflection  takes 
place.  In  water,  too,  the  vibration  of  the  particle  is  trans- 
verse to  the  line  of  propagation  of  the  wave.  Whoever  has 
seen  the  heavy  seas  roll  in  on  the  coast  of  Patagonia  from 
the  broad  expanse  of  the  Pacific,  must  have  observed  how 
placidly  the  albatross  rides  them — the  bird  is  not  swept  along 
by  their  violence,  but  merely  sinks  from  crest  to  trough  am! 
easily  rises  again  as  the  billow  passes  beneath  it.  To  be  sure, 
the  water  has  some  onward  movement  in  these  waves,  but 
practically  the  motion  is  one  of  alternate  elevation  and  de- 
pression. 
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39.  A  wave  in  gaseous  matter. — In  atmospheric  waves 
the  particles  of  air  vibrate  iongiiudinally,  or  in  the  direction 
in  which  the  wave  is  iravelHng.    Let  Fig.  18  represent  a  tun- 


ing-fork: when  set  vibrating,  suppose  the  first  spring  of  the 
prongs  to  be  outward — from  each  other;  then  a  thin  shce 
of  air  immediately  outside  prong  B  will  be  compressed,  and 
this  pressure  will  be  communicated  to  the  next  thin  slice, 
whereby  the  first  slice  becomes  rarefied,  and  this  condition 
will  be  further  increased  by  the  prong  springing  back  toward 
A.  A  second  outward  and  inward  swing  of  the  prong  only 
adds  to  the  effect,  and  continued  vibration  eventually  results 


I 


in  producing  an  alternation  of  condensation  and  rarefaction 
along  the  line  CD;  the  first  is  shown  by  the  heavy  shading, 
the  second  by  the  faint  lines,  and  as  light  and  shade  merge 
gradually  one  into  another,  the  condition  may  be  represented 
by  a  sinuous  curve,  as  shown;  the  condensations  being  all 
above  a  middle  line,  or  normal  state  of  the  air,  and  the  rare- 
factions below.  Longitudinal  vibration  finds  its  ilhistration 
in  the  field  of  waving  grain,  where  the  heads,  as  in  Fig.  19, 
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are  successively  grouped  closely  together,  or  widely  sepa- 
rated; and  this  condition  is  brought  about  by  the  stalks  mov- 
ing to  and  fro  in  the  line  in  which  the  wave-motion  itself  is 
travelHpg. 

Section  Two:   The  Genesis  of  a  Wave,  its  Specifications,  and 
Change  of  Symmetry. 

30.  Energy  required  to  produce  wave-motion. — From 
a  center  of  sound,  spherical  waves  spread  out  into  space,  as 
shown  in  Fig.  20,  and  the  wave-front  is  defined  by  the  con- 


centric shells  of  air  successively  set  in  motion.  Let  a  rubber 
ball  at  c  be  alternately  compressed  and  expanded;  it  will 
correspondingly  rarefy  an<l  con<iense  the  air  outside  it,  which 
condition  is  passed  on  through  the  mass — fainter  and  fainter 
until  the  friction  of  the  particles  has  wasted  the  energy  in  the 
medium  which  was  imparted  to  it  by  the  act  of  squeezing 
the  ball.  Thus  it  requires  energy  to  cause  the  waves — the 
muscular  exertion  of  pressing  the  ball,  just  as  in  the  case  of 
jerking  the  tube — of  tilting  the  trough — of  bending  the  tun- 
ing-fork. And  the  same  is  true  of  waves  of  ether:  energy 
creates  them,  and  on  they  travel,  as  radiant  energy,  until 
spent  by  friction  of  the  medium,  or  decay  in  matter. 
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111  all  that  precedes,  the  movement  of  the  particle — its 
short  excursion  to  and  fro — is  one  thing,  and  tlie  propaga- 
tion of  this  motion  throughout  the  medium  is  quite  another. 
The  first  is  the  condition  of  the  molecule  of  solid  matter  oscil- 
iaiing  under  the  force  of  elasticity,  or  the  drop  of  water  rising 
and  falling  in  the  ripple,  or  the  aiom  of  air  approaching  and 
receding  in  the  sound-wave,  or  the  mote  of  ether  vibrating 
in  some  manner;  while  the  second  constitutes  the  velocity 
of  the  resulting  motion  throughout  the  medinm:  in  Uie  case 
of  air,  it  is  the  velocity  of  sound;  in  ether,  that  of  light;  and 
in  water  it  is  the  speed  with  which  the  ripple  expands  into 
ever-widening  circles. 

31.  Exact  specifications  of  a  wave. — Wave-motion  is 
of  universal  occurrence  in  earth,  air.  and  water:  it  is  repre- 
sented by  a  sinuous  curve;  and  as  the  phenomena  of  nature 
are  countless,  so  are  the  curves  that  stand  for  them.  But  all 
waves,  whatever  the  medium  in  which  they  occur,  or  the 
physical  fact  they  typify,  have  three  features,  and  only  three — 
length,  form,  and  amplitude:  these  may  be  varied  singly  or 
together  to  produce  an  endless  variety  of  outline. 

The  complete  oscillation  of  a  particle,  whether  transverse 
or  longitudinal,  is  the  distance  it  covers  from  starting,  to  its 
return  to  the  same  point — the  round  trip;  and  the  time  occu- 
pied in  making  it  is  called  the  Period  of  Oscillation:  this 
period  is  also  the  time  that  a  wave  takes  to  advance  a  dis- 
tance equal  to  its  own  length,  so  that  \V'ave-length.  and 
Period  of  Oscillation  have  come  to  he  regarded  as  synonyms, 
although  the  only  ground  for  this  is  the  fact  that  both  extend 
over  their  respective  spaces  in  the  same  time. 

The  oscillation  of  the  particle  will  be  further  illustrated 
as  follows: 

In  Fig,  21,  let  />  be  a  pendulum-bol) — an  oscillating  par- 
ticle. When  let  go  from  ii,  it  will  swing  to  c  and  return  to  a 
again:  this  double  journey  over  the  arc  ac  is  the  Oscillation. 
and  the  time  required  to  perform  it,  is  the  Period. 
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The  motion  may  be  represented  by  a  wave.  The  vertical 
height  through  which  the  bob  descends  is  ef\  looking  at  it 
from  a  point  r  to  the  right  in  the  plane  ccfy  the  successive  posi- 
tions of  the  bob  in  its  fall  to  h  will  be  ««equal  for  equal  inter- 

d 


Fig.  22. 

vals  of  time;  this  is  shown  by  dots  in  Fig.  22,  where  the 
height  is  magnified:  they  are  open  out  at  first,  then  crowded 
together.    In  Fig.  23  ac'  corresponds  to  ac  in  Fig.  21;  divide 


^ 


Fig.  23. 


it  into  equal  intervals,  i,  2,  3,  etc.,  and  drop  perpendiculars 
from  it  proportional  to  the  vertical  fall  of  the  bob  at  their 
respective  intervals;  each  position  of  a  will  successively  be 
a",  a",  etc.,  until  it  reaches  the  lowest  point  ft,  when  we  have 
b\  and  then  symmetrical  positions  on  the  other  side  to  c  as 
the  bob  rises  to  c.  This  process  repeated  for  the  return  of  the 
bob  from  c  to  a,  affords  a  similar  series  of  perpendiculars  c 
to  a".  Joining  the  ends  of  all  these  lines  by  a  curve  it  is  seen 
to  be  a  wave,  and  its  full  length  from  a'  to  a"  has  been 
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described  while  the  particle  p  made  the  circuit,  Fig.  21,  from 
a  to  r  and  back  to  a.  This  motion  is  typical  of  the  particle 
of  air, 'performing  its  little  excursion  while  a  condensation 


B 
Fig.  24. 

and  rarefaction  advance  the  distance  of  their  united  length; 
and  of  the  molecule  of  rubber  jerked  to  its  elastic  limit  while 
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the  hump  climbs  up  one  round  of  the  tube;  and  in  fact  of 
every  oscillating  atom  of  matter,  whatever  the  substance. 
Fig.  24  represents  successive  positions  of  a  wave  of* water, 
each  advanced  \  of  its  own  length,  so  that  while  (i)  is  the 
wave  when  it  begins  to  move  from  left  to  right,  (9)  is  its  posi- 
tion when  it  has  passed  over  a  distance  equal  to  its  own 
length,  or  the  point  p  of  the  wave,  originally  in  the  vertical 
line  ABy  has  advanced  to  B' ,  Meanw^hile,  the  drop  of  water 
a  has  gradually  risen  to  h  in  (2),  then  to  the  upper  limit  of 
its  oscillation  at  c  in  (3),  next  has  fallen  to  d  in  (4),  then  to  e 
in  (5),  to  f  in  (6),  and  reaches  the  lower  limit  of  its  oscillation 
at  g  in  (7),  thence  it  ascends  to  h  in  (8),  and  finally  attains  its 
original  level  at  i  in  (9);  thus  having  completed  one  Oscilla- 
tion — up-down-up — in  the  same  Period  that  the.  wave  ad- 
vanced through  its  own  Length.  These  several  positions  of 
the  drop  are  shown  in  Figs.  25  and  26,  where  the  letters  cor- 


FiG.  25.  Fig.  26. 

respond  with  those  in  Fig.  24.  Successive  drops  go  through 
a  similar  rise  and  fall,  and  thus  the  progress  of  the  wave- 
motion  continues. 

In  Fig.  27  let  HH  be  the  natural  level  of  the  water  when 


Fig.  27. 

smooth:  then  the  Wave-length  is  the  distance  from  the  high- 
est point  of  one  crest  to  that  of  the  next,  as  mm,  or  from  low- 
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e  trough  to  that  of  the  next,  as  //,  or  the  dis- 
any  other  two  similarly  situated  points;  the 
e  extent  of  Oscillation  of  the  particle,  as  oo 
lich  is  equal  to  kk,  or  the  vertical  distance  be- 
1  Figs.  25  and  ^6. 

that  change  the  symmetry  of  wave-outline. 
"viiifj   tlic  same   anipltlude,  ab,   Fig.  28,   the 


ZSf 


A 


varied  as  cd.  ef,  gli,  and  thus  have  long  and 
r,  keeping  the  length  ik  constant,  Fig.  29,  the 
be  varied  as  Im.  uo.  pq  and  so  represent  high 
>r,  finally  retaining  the  same  length  and  ampli- 
rs  and  /»,  Fig.  30,  the  form  may  be  changed 


te  the  mode  of  oscillation  of  the  particle.  This 
lown  by  Figs.  31.  32,  33.  In  these,  the  wave  is 
(t  to  right,  and  the  curved  lines  in  each  figure 


k 
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represent  successive  positions  of  the  front  of  one  ridge;  AB 
is  the  line  of  sea-level  separating  ridges  from  furrows  (latter 
not  shown);  d  is  a  drop  on  this  level  which  the  forward  point 
of  the  wave  encounters;  the  wave-point  advances  to  f"  and 
the  drop  is  raised  vertical!)-  to  d';  the  wave-point  reaches  ^ 
and  the  drop  is  lifted  to  J^;  and  so  on,  as  the  wave  continues 
to  advance,  the  drop  rises,  until  eventually,  when  the  wave- 
point  reaches  ^^,  the  drop  is  at  its  summit  d*";  but  the  rate 
of  ascent  or  mode  of  oscillation  in  all  three  forms  of  the  wave 
has  not  been  the  same:  in  Fig.  31,  it  is  rapid  at  first,  then 
steadily  decreases;  in  Fig.  32,  it  is  slow  at  first,  then  rapid. 


Fig.  33- 

and  again  slow;  while  in  Fig.  33  it  is  very  slow  at  first  and 
very  rapid  toward  the  end. 

The  length  and  amplitude  of  the  wave  art  the  same  in  all 
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three  figures,  so  that  their  different  form  is  due  to  the  manner 
in  which  the  drop  oscillates  between  crest  and  trough. 
L       The  wave  represented  is  not  symmetrical,  for  in  regular 
mraves  the  rate  of  oscillation  of  the  particle  varies  uniformly 
rand   is  inversely  proportional   to   the   corresponding  wave- 
length.   This  will  be  understood  by  Fig.  34,  where  waves  of 


Fig.  34. 

three  different  lengths  are  drawn;  the  first,  ah,  is  as  long  as 
1*0  of  the  second,  (d,  and  three  of  the  third,  d.  As  previously 
I  shown,  a  drop  in  ah  makes  one  oscillation  while  the  wave 
dvances  its  own  length  XY\  a  drop  in  cd  makes  one  oscilla- 
n  in  iViown  wave-length,  erf,  or  two  oscillations  in  the  two 
*ave-lengths  covering  XY\  and  similarly  a  drop  in  f/'  makes 
three  oscillations  in  the  three  wave-lengths  that  equal  XY. 

The  time  that  the  waves  are  passing  over  the  distance  XY 

is  supposed  the  same  for  all;  therefore,  in  this  time,  a  drop  in 

ft' makes  two  oscillations  and  one  in  ef  three,  while  a  drop  in 

iJ  makes  but  one,  or  the  rates  of  oscillation  in  ab,  cd,  and  ef, 

i  proportional  to  the  numbers  1,  2,  3 — inversely  as  the 

e-lengths. 

But  a  drop  of  water  may  receive  the  impulse  of  two  waves 
I  at  the  same  time,  and  these  waves  may  meet  the  drop  in  divers 
l*3>5,  and  hence  cause  a  resultant  imsymmetrical  wave. 
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rci)rcseiu  successive  j)()sitions  of  the  iv 
is  the  line  of  sea-level  sej)aratinj^  ricli:*. 
not  shown):  (/  is  a  drop  on  this  level   • 
«»f  the  wave  encounters;    the  wave-]- 
I  he  dro])  is  raised  vertically  to  (/' :    :' 
and  the  drop  is  lifted  to  d''\  and  S(» 
to  advance,  the  droj)  rises,  until  e 
point  reaches  r'",  the  drop  is  at  it- 
of  ascent  or  mode  of  oscillation  in  : 
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If  Struck  one  after  the  other,  the  two  series  of  waves  are 
separated  by  a  corresponding  interval;  and  they  are  then 
said  to  be  in  different  phase.  The  curves  ahc  and  dcf  illustrat- 
ing three  distinct  differences  of  phase  are  shown  in  Figs.  41, 


M 


N 


Fig.  41. 


Fig.  42. 


N 


Fig.  43. 

42,  and  43:  the  curve  resulting  from  their  combination,  in 
each  figure,  may  be  drawn  by  taking  the  algebraic  sum  of 
the  ordinates  on  each  side  of  the  line  MN  and  tracing  a  line 
through  the  ends  of  the  resulting  ordinates. 

34.  Analogy  between  wave-motion  and  that  of  a 
pendttlum.  —  The  matter  of  phase  is  of  such  importance  in 
explaining  the  form  of  curves  resulting  from  the  combination 
of  other  curves,  that  it  deserves  further  illustration:  it  will 
help  to  understand  such  odd  contours  as  are  sometimes  found 
in  curves  of  compass  deviations. 

There  is  exact  similitude  between  the  oscillation  of  a  pen- 
<lulum  and  the  progress  of  a  wave  through  water.  Consider 
Figs.  44  and  45  together:  the  pendulum  starts  from  a  stop — 
the  wave  from  sea-level;  one  attains  maximum  velocity — the 
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Other  extreme  height;  both  velocity  and  height  decrease  as 
gradually  as  they  grew,  until,  once  more — for  an  instant — 
the  pendulum  is  at  a  stop  and  the  wave  at  sea-level;  then  the 
former  returns  just  as  it  advanced,  and  the  latter  descends 


Fig.  44- 


Fio.  45. 


into  a  hollow  the  very  counterpart  of  its  height;  the  pendu- 
lum again  comes  to  a  stop  and  so  the  wave  reaches  sea-level: 
and  thus,  alternate  motion  and  stop — height  and  level — until 
friction  puts  an  end  to  bolh. 

35.  Varied  compounding  of  two  forces  illustrative  of 
phase — In  Fig.  46  let  I'  be  a  pendulum  fitted  with  a  camel's- 
hair  brush  ate, and  on  a  horizontal  table  beneath  it,  let  a  board 
(represented  vertically  at  FGHD,  Fig.  47)  be  covered  with 
fine  powder  and  placed  so  as  to  be  swept  by  the  brush. 

When  the  pendulum  is  drawn  to  A  and  let  go,  it  will 
swing  to  an  equal  height  B.  then  back  to  A.  and  so — to  and 
fro — tracing  in  the  powder  a  straight  line  a'C'b\  Fig.  47:  it 
has  made  one-quarter  of  an  oscillation  at  c',  one-half  at  h', 
three-quarters  at  c'  on  return,  and  a  complete  oscillation  on 
reaching  a'  again. 

At  C  a  definite  force  is  acting  on  the  pendulum — that  of 
gravity  due  to  the  fall  from  the  height  of -^  to  the  level  of  C; 
let  a  blow  equal  to  the  force  of  gravity  be  given  the  pen- 
duluit)  at  C  which  would  take  it  to  K:  now  there  are  two 
equal  forces  acting  on  Che  pendulum — that  of  the  blow  which 
may  be  represented  by  C'K  and  that  of  momentum,  due  to 
gravity,  C'b';  both  steadily  decrease  to  zero;  their  resultant 
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.^^  before  CAT,  give  a  resultant  CF,  and  the 
swing  between  F  and  H. 
A   been  given  at  h\  we  would  have  the  two 

■fd  by  b'D  and  &'C' — the  former,  the  effect  of 
.i'y  waning;  the  latter,  due  to  gravity,  as  stead- 

and  hence  their  resultant  a  constant,  that  is, 

circle,  and  this  circle,  b'liK — etc.,  the  pendulum 
And  if  the  blow  were  given  at  a\  nothing  would 
.'xcept  that  the  circle  would  be  traced  in  the 
lion. 

ose  a  blow  were  given,  neither  at  the  ends  nor 
of  the  arc  AB,  Fig.  40,  but  at  any  other  point, 

pendulum  had  attained  only  a  f^art  of  its  full 
then  two  zn/ecpial  forces  would  begin  their  in- 
ler  and   continue   une((ual    throughout,    vary- 
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ing  oppositely  by  the  same  amount;  either,  alone,  would 
cause  a  straight  line  of  different  length  to  be  traced,  but  both 
combined  find  their  resultant  in  an  ellipse,  of  which  the  lines 
are  the  axes. 

Were  the  blow  given  at  9',  when  the  pendulum  is  moving 
from  b'  toward  C,  the  direction  of  the  axes  would  be 
changed. 

In  all  the  preceding  cases,  the  pendulum  being  supposed 
to  start  from  a',  where  gravity  begins  to  act,  the  successh-e 
poitils  of  application  of  the  bhiv  were  but  so  many  differences  in 
phase  between  the  two  motions  caused  by  the  two  forces — 
the  blow  and  gravity;  and  according  to  this  difference  in 
phase  it  is  seen  that  straight  lines,  circles,  and  ellipses  have 
been  variously  traced  as  the  resultant  path. 

The  movement  of  a  pendulum  under  the  influence  of 
gravity  and  a  physical  impulse- — ^a  blow,  is  a  tangible  and 
visible  means  of  illustrating  the  combination  of  two  forces 
acting  at  right  angles  to  each  other;  but  beyond  the  few  cases 
in  which  these  forces  bear  a  simple  ratio  to  each  other — as  of 
equality,  or  as  unity  to  any  multiple  of  it — this  method  is  not 
practicable:  there  is,  however,  a  beautiful  method  that  is 
capable  of  indefinite  extension  and  variety  of  application, 
which  will  now  be  described. 

36.  Lissajous'  tuning-forks  in  vibration In  Fig.  48.  F 

represents  a  tuning-fork  armed  with  a  pointed  wire  at  one 
prong,  and  P  a  pane  of  smoked  glass:  when  the  fork  is  set 


z^z 


in  vibration  by  3  tap  and  held  over  the  glass,  as  at  B,  the  wire 
describes  a  straight  line  ss\  but  if  at  the  same  time  the  tort* 
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'■■■11  in  llie  direction  of  the  arrow,  the 
■!-  iiirvc  mn — a  visible  tracinp^  of  the 

;!i:il  .'ire  heard  as  a  musical  note;    it  is 
^Mse  crests  and  troughs  are  at  first  high 
i-lion  wears  out  the  energy  of  the  fork,   , 
!=ii,  until,  at  length,  the  prong  stops  in  a 

strikes  the  ear. 

n  can  l)c  made  visible  in  another  way. 

ire  two  tuning-forks,  each  having  a  little 


Fig.  49- 


.iuached  to  one  prong  and  a  counterpoise  to  the  other 

I  he  forks  being  quiet,  a  ray  of  light  comes  from  the 

.  i)asses  through  the  lens  B.  strikes  the  mirror  on  F, 

■  tcii  to  that  of  7",  and  thence  to  the  screen  .4,  where  it 

■•:  a.s  a  bright  spot  t.    Now  draw  a  vioIin-bow  across  the 

'  ,  it  will  vibrate,  and  the  ray  striking  its  mirror,  will 

up  and  down;   it  will  be  reflected  by  the  mirror  on  T. 

\  is  at  rest,  on  to  the  screen  A.  as  a  vertical  line  ss\  re- 

the  fork  T  slowly,  as  shown  by  the  arrow,  and  the 

:ed  light  will  be  drawn  out  into  the  wave  rrf.     Its 

.nee  is  evanescent,   however;    the  impression  of  light 

about  Vio  of  a  second,  and  the  wave  appears  and  fades 

s  rate. 
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Let  the  forks  now  be  arranged  as  in  Fig.  50,  that  is,  T 
so  as  to  vibrate  in  a  vertical  plane,  and  7"  in  a  horizontal  one: 
cither,  alone,  set  in  vibration,  would  trace  a  line  of  light 
parallel  to  its  plane  of  vibration,  and  hence  these  lines  would 
be  at  right  angles  to  each  other.  But  set  both  forks  vibrat- 
ing, and,  as  in  the  case  of  the  pendulum,  the  form  of  the 
resultant   luminous  curve  will  depend  on  the  difference  of 
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phase  of  tlie  two  forks  and  the  ratio  of  their  vibrations;  th< 
former — the  phase — corresponds  to  the  part  nf  the  pendt 
lum's  path  where  the  blow  was  dealt,  and  the  latter — tl 
ratio  of  the  vibrations  of  tJie  two  forks — corresponds  to  tl 
relative  strength  of  the  blow  and  gravity.  The  two  forks 
the  figure  happen  to  have  tlie  same  tone,  and  the  second 
struck  into  the  motion  of  the  first  when  the  latter  was  at  the 
limit  of  its  swing — at  a  stop,  in  fact,  for  an  instant,  and  about 
to  turn  back.  This  case  is  therefore  analogous  to  the  one 
where  the  blow  equal  to  the  force  of  gravity  was  given  the 
pendulum  at  the  extremity  h'  of  its  arc,  the  resultant  was  a 
circle  therCi  and  so  it  is  here.    The  phase  there  was  the  same 
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as  the  phase  here — the  forces  there  equal  and  at  right  angles 
to  each  other,  as  are  the  vibrations  here — and  the  resuU  is 
hence  identical— a  circle. 

If  the  difference  of  phase  be  suitably  varied  we  obtain 
:raight  lines,  circles,  and  ellipses  as  shown  in  Fig.  51,  top 
row. 

It  is  evident  thai  tuning-forks  can  be  procured  of  every 
desired  tone,  and  hetice  that  any  requisite  ratio  of  vibrations 
of  one  fork  to  the  other  can  be  combined  as  in  Fig.  50;  the 
relative  forces  at  right  angles  to  each  other  (using  the  an- 
alogy of  the  pendulum)  may  thus  be  varied  at  pleasure,  and 
this  variety  may  he  extended  by  continual  change  of  phase 
in  each  ratio,  so  that  the  combinations  become  endless. 

Some  examples  of  resultant  curves  are  shown  in  Fig.  51: 
ihe  left-hand  vertical  row  exhibits  the  curves  for  different 
ratios  of  vibration,  as  I  to  l ;  !  to  2;  i  to  3;  2  to  3;  etc., 
both  forks  beginning  together  or  without  difference  of  phase: 
ihe  horizontal  row  of  each  set  shows  how  the  primary  curve 
varies  when  different  phases  are  introduced. 

37.  Contrast  of  compass  deviations  with  curves  pro- 
duced by  two  tuning-forks  vibrating  at  right  angles 
to  each  other. — The  combination  of  separate  curves  is  the 
converse  of  the  procedure  in  Part  Fifth  of  this  Treatise:  there, 
Ihe  resultant  curve  is  given,  to  be  resolved  into  components; 
iliese  arise  from  the  individual  action  of  various  magnetic 
iioilies  on  the  compass,  and  the  intensity  of  this  action  may 
''far  (for  one  body  to  another)  any  ratio,  just  as  has  been  seen 
may  exist  for  a  series  of  tuning-forks:  and  it  will  be  found 
'hat  phase  also  has  its  analogue  in  the  magnetic  case,  for 
*iifFerent  magnetic  bodies  begin  their  action  at  various  points 
I'tlie  compass  courses. 

38.  Coincidence  and   opposition    of    phase Recurring 

tc  Fig,  49.  il  is  seen  that  bolli  forks  are  placed  so  as  to  vi- 
^'ate  in  the  same  plane:  Suppose  them  tuned  to  perfect 
"iiison;  then  if  both  begin  vibrating  at  the  same  instant  in 
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same  direction,  or  have  identical  phase,  tlie  vertical  line 
light  described  by  P  will  be  elongated  by  T,  and  the  note 
that  strikes  the  ear  will  be  loiider:  but  i£  the  impulse  of  one 
fork  forward  be  met  by  that  of  the  other  backward,  then  the 
line  of  light  will  be  dimmed  and  the  sound  hushed.  In  ihe 
first  case,  or  coincidence  of  phase,  every  particle  of  air  and 
ether  between  the  two  forks  that  was  set  in  motion  by  one 
fork,  had  this  motion  increased  by  the  other  fork;  in  the 
second  case,  or  opposition  of  phase,  the  particles  of  air  and 
tllier  were  simultaneously  urged  in  opposite  directions  by 
equal  impulses,  hence  no  motion,  and  consequently,  neither 
sound  nor  hght, 

Now  bring  the  forks  to  rest,  and  destroy  their  unison  by 
placing  a  weight  on  the  prong  of  one  of  them.  Again  set 
ihem  in  vibration  together — their  coincidence  of  phase  will 
speedily  be  broken — the  vibrations  of  one  fork  will  alter- 
nately gain  and  slacken  upon  the  other  with  recurrences  of 
coincidence  between:  these  are  the  "beats"  of  music — 
where  the  sound  is  reinforced,  and  the  light,  too,  for  upon 
looking  at  the  curve  on  the  screen  P,  it  will  be  seen  to  be 
drawn  out  in  long  loops  simultaneously  with  the  beats  reach- 
ing the  ear,  while  the  subsidence  of  sound  corresponds  to  the 
contractions  of  the  luminous  curve.     (See  Fig.  52.) 

Fia.  52. 

Thus  by  alternations  of  sound  and  silence  coincidently 
t^'ith  light  and  darkness,  it  is  proved  that  there  is  interfer- 
ence of  waves  at  the  same  instant  in  the  same  place  in  two 
ilistinct  media — air,  and  some  other,  called  ether:  the  air 
we  know  exists — is  the  ether  less  a  reality? 
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step  of  interference — partial  interference,  growing  more  and 
more,  until  T  reached  the  point  hg.  when  it  was  complete 
interference,  or  opposition,  producing  silence. 

And  at  every  half  vvave-lenglh,  or  any  odd  number  of 
half  wave-lengths  of  T  from  P.  there  will  be  similar  opposi- 
tion and  silence. 

41.  Interference  in   waves    of  water Let  two   large 

stones  be  drojiped  into  the  water  of  a  placid  lake  a  few  yards 
apart:  they  will  give  rise  lo  two  series  of  undulations  liial 
expand  into  widening  circles.  The  distance  of  the  centers  of 
disturbance  from  each  other  may  be  supposed  an  exact  num- 
ber of  wave-lengths  of  the  kind  caused  by  the  atones,  both 
the  wave-length  ami  the  amplitude  being  considered  the 
same  for  both   stTifs.     Thi';  cnndiiiun  is  shown  in   Fig.  55. 


Fig.   55- 

where  the  line  aaa  represents  one  series  of  waves  and  the 
line  hhh  the  other:  when  they  meet,  as  at  .r,  ihe  crests  will 
coincide,  and  so  will  the  troughs,  and  every  drop  of  water 
thus  subject  to  the  double  impnlse  upward,  as  at  rf,  will  be 
raised  to  d':  or  to  the  double  impulse  downward,  as  at  r,  wilL 
be  depressed  to  c'\  and  thus  the  resulting  wave  from  coin- 
cidence of  ridge  and  furrow  throughout,  will  be  zcz- — highec" 
elevalions  and  deeper  depressions  than  those  of  either  series- 
Now.  let  the  distance  apart  of  the  centers  of  disturbance  b^ 
shortened  by  one-eighth  of  a  wave-length,  as  xx.  Fig.  56:  thi  s 
difference  of  phase  separates  ibe  two  series  of  waves,  aa  and 
bh.  and  the  combined  impulses  on  the  successive  drops  wil 
produce  the  resultant  wave  zzz.  A  shortening  of  the  distance 
by  one-quarter  of  a  wave-length,  Fig.  57.  only  separates  tt»' 
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mary  waves  more — slides  ihe  wave  bbb  bodily,  as  it  were, 

fom  left  to  right,  and  also  the  resultant  curve,  with  the 

Iketion  on  the  differently  located  drops  as  indicated  by  the 

ttle  arrow-heads.     If  the  distance  be  shortened  by  one-half 

I  wave-length,  as  xx\  Fig.  58,  then  a  crest  of  the  second 
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aeries  of  waves  meets  every  drop  on  llie  level  line  at  the  same 
instant  that  a  trongh  of  the  first  series  reaches  it — there  is 
■equal  and  opposite  contention,  and  this  overlaps  throughout, 
so  that  no  ilrop  moves  from  its  state  of  rest. 

Thus,  in  Fig.  56  there  was  interference  of  one-eighth 
wave-length;  in  Fig.  57,  one-quarter;  and  as  the  difference 
of  wave-length  apart  shortened,  so  the  interference  became 
gfreater.  until  finally,  in  Fig.  58,  it  is  complete,  or  opposition, 
producing  smoothness  in  the  water,  just  as  it  did  silence  in 
the  air.  A  further  lessening  of  the  distance  apart,  or.  which 
is  the  same  thing,  increasing  the  interference  beyond  one- 
half  wave-length,  to  tive-eighths,  three-quarters,  seven- 
eighths,  etc.,  would  only  reproduce  in  reverse  onler  all  the 
degrees  of  interference  preceding  that  of  the  half-wave. 
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water — was  a  material  substance,  apparent  to  both  sight  and 
touch;  in  the  latter,  the  medium — air — was  apparent  to 
neither  of  these  senses,  but  olher  proofs  abound  of  its  ex- 
istence. 

In  both  media,  when  comjiletc  interference  occurred,  with 
silence  in  air  and  smoothness  in  water,  if  one  of  the  sources 
of  disturbance  were  removed,  there  would  immediately  recur 
sound  in  the  air  and  waves  in  the  water:  if  the  original  dual 
source  of  disturbance  were  restored,  it  would  also  restore 
■juiet  to  the  air  and  water,  and  these  alternations  of  condi- 
tion might  be  repeated  at  pleasure. 

If  now,  where  neither  air  nor  water  exists,  nor  any  other 
niediuni  whose  reality  can  be  absohiteh-  established,  we  find 
ihis  phenomenon  of  interference  in  full  growth  and  form,  it 
is  fair  lo  infer  that  waves  are  there  to  produce  it;  for  inter- 
ference IS  A   PECULIARITY  OF  WAVE-MOTION.       But  WaVCS  of 

what?    Snrely.  not  of  utter  vacuity!    Hence  the  ether. 

43.  Sound  waves. — The  alternation  of  silence  with 
iound.  as  waves  of  air  interfere  or  not,  is  so  important 
IS  typical  of  interference  in  general  that  it  will  be  illustrated 
V    another  method.     Fig.   59  represents  a  speaking-tube 


openings  at  a  and  g,  and  two  branche 
^  latter  capable  of  sliding  in  and  out,  to  ■ 
'^^^ce  the  waves  of  air  will  have  to  travel  in  it. 


hh  and  dc, 
ary  the  dis- 
When  both 
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branches  are  of  equal  length,  and  a  tuning-fork  in  vibration  is 
placed  at  a,  its  note  will  be  heard  at  g  in  full  volume;  but  if 
the  branch  de  is  drawn  out  so  as  to  make  a  difference  of 
(mC'half  wave-length  between  it  and  hh,  then  the  note  will  be 
smothered:  the  waves  in  the  two  branches  completely  inter- 
fere at  their  juncture  ^,  and  silence  is  the  result.  If  the 
branch  de  is  drawn  out  until  the  difference  in  length  between 
it  and  hh  is  one  wave-length,  the  note  will  again  be  heard; 
and  thus  at  every  difference  of  an  odd  number  of  half  wave- 
lengths— silence,  and  at  every  even  number  of  half  wave- 
lengths— sound. 

44.  Light  waves. — To  be  exact,  the  title  of  this  article 
should  be  "  Waves  that  produce  Light,"  and  similarly  for  the 
other  articles  on  interference;  but  the  heading  used,  is  pre- 
ferred for  brevity. 

Now,  we  enter  the  domain  of  radiant  energy,  and  the 
phenomena  to  be  described  will  take  place  as  well  in  a  room 
void  of  air  as  in  one  filled  with  it  at  the  normal  pressure. 

In  Fig.  60  let  x  and  y  represent  two  small  round  holes, 
one  close  above  the  other  in  the  wall  of  a  room,  by  which 
sunlight  is  admitted.  Everything  in  this  and  Figs.  61  to  66 
is  greatly  enlarged  for  clearness. 

The  holes  are  closed  with  red  glass  so  that  only  red  rays 
can  enter;  these  spread  out  in  two  conical  pencils  of  light, 
of  which  cxc  and  eye  are  vertical  sections,  and  they  overlap 
throughout  the  space  eve. 

FG  is  the  edge  of  a  screen  upon  which  the  pencils  of  light 
fall,  and  Fig.  61  presents  a  full-face  view  of  this  screen  as  it 
would  appear  from  z:  it  is  seen  that  horizontal  bars  of  red 
and  l)]ack  (represented  by  lig'ht  and  heavy  shading)  alternate 
regularly  with  each  other  in  the  space  covered  by  both  pen- 
cils: that  the  red  bands  exist,  is  most  natural,  for  only  red 
rays  enter  the  room,  but  that  these  become  extinct  in  S)rm- 
metrically  black  spaces  is  matter  for  explanation. 

The  line  ::A  in  Figs.  60  and  64  is  perpendicular  to  the 
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lines  xy  and  re,  and  the  point  z  is  midway  between  x  and  y. 
Fig.  64  is  merely  a  portion  of  Fig.  60,  in  which  the  halves  of 
two  red  bands  enclose  a  whole  black  one.  as  shown  in  Fig.  65. 
The  point  A  being  equally  distant  from  x  and  y.  the  rays 
meeting  there  doubly  illumine  it;  but  the  moment  we  pro- 
jeed  from  A  toward  b,  the  distance  A-^  lengthens  and  Ax 


Fig   64.  Fig.  6s.     Fig.  66. 

Pshortens.  with  a  corresponding  fading  of  tJie  red  until  it 
merges  into  an  asJien  hue  that  deepens  and  becomes  black 
at  Q\  this  again  shades  off,  blends  into  a  reddish  tint  which 
brightens  to  full  color  at  h.  Now  let  us  consider  that  the 
pencils  of  light  entering  the  room  are  due  to  waves  of  a 
gaseous  medium:  at  A  two  separate  trains  of  these  waves 
from  X  and  y  meet  in  the  same  phase,  because  the  distance 
of  A  from  their  origin  is  the  same;  from  A  upward  they  get 
out  of  step  at  once — begin  to  interfere  with  each  other — 


^     THE  DISTINCTIVE  FEATURES  OF  WAVE-MOTION. 

m 

because  the  distance  each  train  of  waves  has  to  come,  differs 
more  and  more  from  the  other;  hence  the  fading  of  the  red 
and  growing  of  the  black;  at  o  the  difference  in  distance 
amounts  to  one-half  a  wave-length,  therefore  there  is  com- 
plete interference — extinction  of  all  light;  continuing  toward 
bf  the  difference  in  path  of  the  two  trains  of  waves  approaches 
more  and  more  to  one  whole  wave-length — ^the  black  lessens 
in  tint,  the  red  reappears  and  attains  full  brilliancy  at  b,  where 
the  difference  in  phase  is  an  exact  wave-length.  And  thus, 
upward  and  downward,  at  every  point,  o,  I,  py  g,  where  there 
is  d  difference  of  path  of  an  odd  number  of  half  wave-lengths, 
the#3s  darkness,  and  at  every  point,  fr,  c,  rf,  p,  where  this 
difference  is  an  ci'cn  number  of  half  wave-lengths,  there  is 
light.  Regarding  the  brightest  points  as  summits,  and  the 
darkest  ones  as  depths,  and  drawing  a  curve  to  represent  the 
successive  shading  of  one  color  into  the  other,  we  have  a 
wavy  outline,  as  in  Fig.  62.  If  a  piece  of  wood  be  placed 
over  either -hole,  x  or  y\  so  as  to  prevent  light  entering  it,  all 
the  alternations  of  red  and  black  disappear,  and  one  uniform 
tint — red — overspreads  the  screen  from  c  to  e,  as  shown  in 
Fig.  63,  l)y  the  equal  spacing  of  the  lines.  Remove  the  wood, 
and  the  series  of  red  and  black  bands  return,  and  these  con- 
ditions can  l)e  repeated  at  will:  it  is  the  analogue  of  the 
smooth  water  and  silent  air  alternating  with  ridges  and  fur- 
rows in  both  media,  according  as  one  or  two  sources  of  dis- 
turbance were  in  operation.  Thus  wave-motion  completely 
explains  the  dark  l)ands,  and  no  other  hypothesis  will  do  it: 
therefore  light  is  due  to  wave-motion,  and  therefore  also 
these  waves  must  have  a  medium  for  their  existence;  for  an 
absolute  vacuum  is  incapable  of  transmitting  this  motion. 

If  the  holes  x  and  y  were  covered  with  any  other  colored 
glass — orange,  green,  blue — there  would  still  be  black  bands 
alternating  with  others  of  the  color  used,  the  only  difference 
being  in  the  width  of  the  bands — it  would  be  less  and  less  as 
colors  approaching  the  violet  were  employed. 
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45.  Chemical  waves. — ^With  only  violet  rays  entering, 
let  the  screen  be  replaced  by  a  plate  coated  with  chloride  of 
silver,  and  it  will  be  found  thai  the  bands  are  photographed 
upon  it — the  chemical  waves  entering  with  the  violet  light 
interfere,  just  as  the  himinous  waves  do,  and  leave  their  im- 
press where  free  to  act,  as  well  as  fail  of  effect  by  reason  of 
complete  interference. 

46.  Heat  waves. — Referring  again  to  Fig.  60,  remove 
the  colored  shades  from  the  holes  x  and  y,  and  place  inside 
them  a  thin  rectangular  glass  trough,  so  as  to  cover  them; 
fill  the  trough  with  bisulphide  of  carbon,  and  all  the  radia- 
tions from  the  sun  will  enter  the  room,  unobstructed  'by  either 
the  trough  or  its  transparent  contents:  but  drop  into  the 
liquid  a  few  crystals  of  iodine,  and  at  once  all  the  luminous 
beam  disappears — cut  out.  as  if  by  a  sharp  instrument;  the 
thermal  rays  remain,  however,  unimpaired,  and  in  waves  of 
radiant  heat  stream  into  the  room  in  cones  that  overlap  and 
fall  upon  the  screen  in  bands  of  alternate  cold  and  warmth. 

These  interference  bands,  however,  cannot  be  seen,  but 
(heir  existence  has  been  proved  by  observations  with  a  very 
delicate  thermometer  or  bolometer  in  every  part  of  the  space 
covered  by  the  thermal  radiations. 

When  the  mingled  waves  of  white  light  interfere  side  by 
side,  as  they  do  in  the  thin  but  varying  walls  of  a  soap- 
bubble,  we  merely  have  at  one  view  in  that  evanescent  film 
what  is  obtained  singly  by  using  different  colored  glasses  to 
vary  the  hue  of  the  rays  entering  the  room. 

TTius  it  has  been  shown  that  interference  of  water  waves 
produces  smoothness:  of  air  waves,  silence;  of  luminous 
beams,  darkness;  of  thermal  radiations,  coldness:  and  of 
actinic  rays,  inaction:  and  so  the  natiire  of  heat,  light,  and 
chemism  is,  by  analogy,  inferred  from  their  behavior — that 
they  are  the  result  of  'n.-azrs  in  some  medium. 

47.  Electromagnetic  waves. — Later,  evidence  will  be 
adduced  lending  to  establish  the  fact  that  an  electromagnetic 
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movement,  produced  artificially,  is  but  an  elongated  ligU 
wave — that  if  it  could  be  shortened  to  molecular  size  anf 
produced  with  sufiicJent  rapidity,  it  would  affect  the  eye  i 
light,  and  hence  that  both  these  phenomena  are  motions  ( 
the  same  medium. 

The  name  "  eleclromagnetic  "  implies  a  compound  naturi 
for  the  wave,  and  it  is  so  in  fact. 

Whenever  an  electric  stress  in  the  ether  is  changing,  I 
surroimds  it  another  movement — a  rotary  motion  of  the 
ether;  the  electric  current  is  but  a  mere  filament  of  changing 
stress  encased  by  circles  of  magnetic  rotation.  How  such  a 
dual  motion  can  exist,  may  be  inferred  from  a  violent  agita- 
tion of  the  air  that  is  of  frequent  occurrence:  consider  the 
cyclone — it  is  a  whirling  body  of  air  that  reaches  from  the 
Earth  upward;  it  does  not  attain  full  height  at  once,  but 
first  the  air  in  one  stratum  begins  revolving,  then  in  another, 
then  in  still  more  in  quick  succession,  until  it  develops  into 
a  towering  column  of  spiral  whirls  swaying  through  space 
along  a  well-determinetl  track,  and  expanding  more  and  more 
as  it  progresses.  Now  the  growth  of  this  column  from  disc 
to  disc  may  symbolize  the  propagation  of  electric  stress  that 
constitutes  a  current — a  series  of  tense  and  lax  conditions  of 
the  ether  succeeding  each  other  along  a  wire;  the  enlarge- 
ment of  the  cohimn  as  it  advances  on  its  path,  like  ripples 
from  a  center,  may  typify  the  spread  of  induction  outward 
from  the  wire;  and  the  rotary  motion  may  represent  the 
magnetic  whirl — only,  with  this  difference:  that  while  the 
particles  of  air  are  driving  bodily  round  the  storm's  center 
in  spiral  curves,  the  atoms  of  ether  must  be  considered  as  so 
many  beads  strung  along  a  common  axis  parallel  to  the  wire. 
and  all  spinning  round  this  axis.  The  wire  would  then  be 
the  visible  core  of  a  bundle  of  imaginary  threads  all  parallel 
to  it,  each  filled  with  atoms,  and  all  on  the  same  thread  rotat- 
ing upon  it  as  an  axis. 

As  the  current  increases,  more  threads  arise  out  of  lli^ 
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quiescent  ether — the  string  becomes  a  rope,  the  rope  a  cable, 
and  the  induction  expands. 

As  the  current  weakens,  the  outer  threads  collapse  and 
with  them  the  magnetic  field  disappears.  But  all  this  is 
merely  to  afford  a  mental  picture  of  what  an  electromagnetic 
wave  may  be,  not  actually  is. 

The  conception  may  be  illustrated  by  Fig.  tT.  in  (i)  is 
represented  the  flow  of  an  electric  current  with  beads  of 


ciher  strung  along  it — all  whirling;  in  (2)  the  current  has 
grown  in  intensity,  and  parallel  to  it  have  arisen  a  number 
ol  imaginary  axes  each  with  its  whirling  particles — the  mag- 
netic field;  the  exterior  boundary  of  this  has  the  semblance  of 
s  continuous  flow,  as  shown  at  F'.    In  (3)  we  have  an  exag- 
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■  density  of  the  one  by  ordinates  above  a  horizontal  line 
'  and  the  tenuity  of  the  other  by  ordinates  below  this  line, 
i  draw, a  curve  through  the  ends  of  both  sets  of  ordinates; 
;  thus  have  the  figured  wave  beneath  ihe  pictured  condi- 
1  of  the  air.  This  agitation  fades  into  stillness  at  a  short 
pstance  from  the  fork. 

Now  suppose  a  wall,  IF,  Fig.  6g,  to  rise  at  Ji:    the  ad- 


/    W' 


Fig.  6q. 


fencing  particles  of  air  will  be  reflected  at  »  and  turned  back 

s  represented  by  the  dotted  line  c\  the  prong  h  was  swing- 

:  to  the  right  and  reached  its  limit  h'  at  the  same  instant 

'tthe  air-compression  denoted  by  C  readied  the  wall:  then 

^*  reflection  of  the  air  coincided  in  direction  with  the  re- 

"^  swing  of  the  prong  to  b" . 

The  figured  part  Lcnc  is  the  half  of  a  standing  wave — the 

|*"ect  sound  and  its  echo;  and  the  distance  between  the  fork 

t  the  wall  \V  erected  at  n"  represents  six  such  halves,  or 

""Ce  whole   waves.      Successive   regular   vibrations   of   the 

•^  send  out  waves  which  are  as  regularly  reflected  at  the 

S*lland  thus  the  motion  of  the  prong  right  and  left  coincides 

1  the  inotion  of  the  air  direct  and  reflected,  and  there  is 

'Cfeased  sound  at  the  loops  and  almost  silence  at  the  nodes. 

n  we  knew  nothing  of  the  condition  of  the  air  between 

-  fork  and  the  wall,  and  were  to  start  at  the  latter  with 

^ther  tuning-fork,  the  twin  of  T,  in  vibration,  as  we  ap- 
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iodically  to  a  pendulum  will  eventually  set  it  swinging 
:r  quite  an  arc;  so  the  impulses  communicated  to  tlie  ait 
a  vibrating  tuning-fork,  will,  if  they  fall  upon  a  similar 
k  at  a  little  distance,  cause  it  to  hum  a  note  in  unison  with 
own ;  and  so,  too,  the  sound  of  a  violin  will  draw  from  a 
e  of  an  open  piano  a  responsive  tone. 
Now  a  charged  Leyden  jar,  Fig.  70,  of  given  size  and 


inite  circuit  will  relieve  itself  of  strain  in  a  series  of  surg- 
•i  or  oscillations  of  certain  frequency;   and  by  changing 

capacity  of  the  jar,  or  the  length  or  nature  of  the  circuit, 

period  or  frequency  may  be  varied  just  as  the  notes  of 
ling-forks  change  with  their  size.  Thus  it  is  possible  to 
ke  one  Leyden  jar  synchronize  its  discharge  with  another; 

which  is  the  object  sought,  the  discharge  of  one  jar  may, 
he  wave  hypothesis  be  correct,  send  out  into  space  a  suc- 
sion  of  electromagnetic  waves,  which,  in  their  impact  upon 
iniilar  jar  at  some  distance,  will  charge  this  one  until  it 
•rtlows  in  a  series  of  surgings.  It  is  the  parallel  of  one 
:ing-fork  projecting  waves  of  air  upon  another.  The 
irk  of  discharge  of  the  second  jar  is  the  response  to  the 
irk  of  the  first,  just  as  the  tone  of  the  piano  is  to  the  note 
ihe  violin.  This  is  the  principle  of  the  experiment  to  be 
■crihed,  though  the  means  of  its  execution  is  different. 

Let  A  and  B,  Fig.  71,  represent  two  plates  of  zinc  with 
ck  copper  rods,  r  r,  attached  to  them,  having  bright  brass 
obs,  p  and  q,  at  their  ends.    A  smalt  air-gap  intervenes  be- 


74     THE  DISTINCTIVE  FEATURES  OF  WAVE-MOTION. 

tween  the  knobs.  It  is  evident  that  this  arrangement  is  essen- 
tially that  of  a  Leyden  jar,  for  the  plates  may  represent  the 
inner  and  outer  coatings  of  the  jar;  and  the  rods  with  thdr 
knobs,  the  circuit  whereby  disdiarge  will  be  effected  when 
the  tension  is  sufficient  to  cause  a  spark  to  leap  across  the 
air-gap.  /?  is  a  thick  copper  ring  of  which  a  small  section  is 
cut  away,  and  the  ends  fitted  with  knobs:  its  self-induction, 
capacity,  and  resistance  are  such  that  the  rate  of  oscillation 


Fig.  71. 

of  an  electric  charge  in  it  between  the  knobs  h  and  k  is  tl^^ 
same  as  in  the  system  of  plates  and  rods  between  p  and  ^' 
that  is,  these  two  bodies  are  electrically  attuned  one  to  t^^ 
other:  if  they  were  strings  of  two  instruments,  as*  of  a  hs^^ 
and  a  guitar,  and  in  a  similar  way  musically  attuned,  to  thn>''^ 
one  would  excite  a  sympathetic  note  in  the  other:  /?,  th^"^ 
corresponds  to  the  second  jar.  F  is  an  induction-coil  with  i^ 
connecting  wires,  e  e,  to  charge  the  plates.  When^this  is  dof^* 
to  overflowing,  a  spark  will  span  the  gap  pq,  and  an  electri^ 
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wave  will  surge  across,  say  from  A  to  5,  emptying  the  former 
and  surcharging  the  latter,  so  that  a  reverse  rush  takes  place 
from  B  \,o  A,  and  thus  back  and  forth  in  quick  succession  for 
a  few  times  with  rapidly  diminishing  volume  until  equilibrium 
is  restored.  It  is  the  analogue  of  a  compressed  spiral  wire 
suddenly  released — it  will  spring  up  and  down  a  few  times 
ere  coming  to  rest.  This  flux  and  reflux  excite  ripples  in  the 
ether,  which  travel  out  in  widening  circles  at  right  angles  to 
the  line  of  oscillation.  Suppose  these  ripples  to  be  pro- 
pagated so  as  to  form  stationary  electromagnetic  waves  as 
pictured  in  Figs.  71  and  y2 — one  series  suffering  reflexion  at 


Fig.  72. 

the  sheet-iron  wall  W ,  and  upon  their  return  interfering  with 
another  series  outward  bound.  If  the  space  between  the  plates 
and  the  w^all  is  in  this  condition,  then  by  carrying  the  ring 
^  along  the  line  xy,  it  will  have  a  current  induced  in  it  by  the 
^vave  wherever  active,  and  a  spark  will  pass  between  //  and  /e, 
out  none  where  the  wave  is  inoperative. 

It  may  be  inferred  from  what  has  been  stated,  that  the 
discovery  of  the  electromagnetic  waves  was  the  result  of  a 
'ortunate  hypothesis  or  haphazard  experiment:  not  so.  The 
jnduction-coil,  the  vibrator,  the  Leyden  jar  are  all  periodic 
^n  their  action,  and  hence  the  field  arising  out  of  such  action 
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may  be  analytically  expressed  by  an  equation  which  is  essen- 
tially Fourier's  series. 

Prof.  Hertz  of  Germany  solved  the  equation  and  then 
proceeded  to  verify  the  results  by  experiment;  and  it  is  his 
experiments  that  will  be  used  (not  exactly  as  he  made  them, 
but  in  essence),  to  illustrate  how  the  features  of  wave-motion 
— interference,  polarization,  refraction,  etc. — ^run  through 
electromagnetic  phenomena  in  space,  and  hence  indicate  that 
these,  too,  are  characterized  by  wave-motion. 

In  Fig.  71  the  line  xy  is  a  perpendicular  to  the  wall  from 
a  point  midway  between  the  knobs:  beginning  at  y  with  the 
ring  R  held  so  that  its  plane  is  in  the  -Vertical  plafie  through 
xy  and  the  air-gap  hh  turned  successively  into  different  posi- 
tions, no  spark  passes  in  this  air-gap  even  while  that  at  ^  is 
brilliant  with  them,  nniil  the  ring  is  moved  from  contact  with 
the  wall;  then  they  begin — increase  in  size  and  brightness — 
fade  and  grow  less — cease,  and.  thus  waxing  and  waning  at 
regular  intervals,  disclose  the  powerful  electromagnetic 
waves  pervading  space  otherwise  dark  and  quiet. 

Here,  then,  are  two  features  of  wave-motion  established: 
interference  at  the  nodes  ;i,  and  reflection  at  the  wall. 

The  wall  has  a  sheet-zinc  facing,  which  reflects  electro- 
magnetic waves  for  the  same  reason  that  a  mirror  reflects 
light-waves,  or  a  board-fence,  sound-waves:  but  remove  the 
zinc,  and  through  the  remaining  brick,  stone,  or  wood, 
though  many  feet  thick,  the  wave  will  pass  and  produce  a 
spark  in  R, 

The  existence  of  standing  electromagnetic  waves  in  spac^ 
has  been  proven ;  the  case  is  analogous  to  that  of  sound  illu^'' 
trated  in  Fig.  69:   it  now  remains  to  show  their  existence  i^ 
the  case  similar  to  that  of  sound  illustrated  in  Fig.  68,  whe^^ 
waves  are  not  produced  by  interference. 

In  Fig.  73  let  AB  rei)resent  two  plates  with  a  system  ^* 
rods  and  knobs,  and  F  a  small  induction-coil  to  charge  therH  ^ 
C  and  Z>  are  two  similar  plates  from  which  long  wires  wli^ 
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extend.  Start  the  coil  into  action;  it  will  charge  A  and  5, 
and  these  will  induce  the  electric  condition  in  C  and  D^  from 
which  a  current  will  result  in  the  wire:   now  walk  along  the 


Fig.   73. 

wire  with  the  ear  close  to  it  but  not  touching  it  and  a  crack- 
ing sound  will  be  heard;  it  grows  louder,  then  drops — again 
louder,  and  again  drops;  we  have  heard  an  electromagnetic 
wave  on  the  wire. 

It  can  also  be  seen;  for,  place  a  vacuum  tube  T  across  the 
^0  wires  and  move  it  slowly  along — it  will  alternately  light 
up  and  darken  as  we  proceed  from  D  to  //,  and  thus  we  have 
evidence  of  light  as  well  as  sound  that  the  electromagnetic 
condition  figured  in  the  curve  I'l'T'  exists. 


Section  Two  :  Reflexion  of  Waves. 

48.  In  the  last  article,  Reflection  was  incidentally  shown  to 
be  a  feature  of  electromagnetic  waves;  it  will  also  appear  as 
a  secondary  event  in  the  next  article;  but  in  the  present  one 
it  is  made  a  matter  for  illustration. 

Reflection  is  such  a  familiar  occurrence,  that  it  seems  su- 
perfluous to  define  it;  still,  to  be  explicit,  this  will  be  done. 
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If  a  particle  of  matter  approach  a  plane  perpendicularly, 
as  in  the  direction  CO  toward  ABy  Fig.  74,  it  will  rebound, 
if  elastic,  along  the  path  it  came;  but  if  it  meet  the  plane  at 
any  angle,  as  in  Fig.  75,  it  will  be  reflected  at  the  same  angle 


/" 


\/ 
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Fig.  74.  Fig.  75, 

on  the  other  side  of  the  perpendicular  to  the  plane  at  the 
point  of  impact ;  that  is,  if  it  arrive  by  the  line  £0,  it  will 
depart  by  OF,  or  the  angle  of  incidence  EOR  is  equal  to  the 
angle  of  reflection  /?0F. 

We  have  instances  of  reflection  in  the  billiard-ball  glanc- 
ing from  the  side  of  the  table;  in  the  waves  of  the  sea  re- 
coiling from  the  breakwater;  in  the  echo  of  sound  from  the 
cliff;  the  flashing  of  light  by  a  mirror;  and  the  turning  aside 
of  heat  radiation  from  an  open  grate  by  a  screen. 

To  show,  in  particular,  that  electromagnetic  waves  are  re- 
flected just  like  material  particles,  or  Hke  waves  of  air  or 
water,  consider  Fig.  76:   A  and  B  are  tw^o  parabolic  mirrors 
placed  side  by  side  with  their  focal  lines  F  and  F'  vertical  (the 
peculiar  property  of  this  kind  of  mirror  will  be  explained  in 
the  next  article);  ^^  is  a  screen  faced  with  sheet  zinc  and  the 
inside  of  both  mirrors  is  covered  with  the  same  material; 
PP'  is  a  perpendicular  from  the  middle  point  between  the 
focal  lines  to  the  screen,  and  the  mirrors  are  turned  so  that 
the  lines  mP  and  nP  from  their  focal  lines  will  make  equal 
angles  with  PP'\    V  is  a  vibrator  consisting  of  two  short 
thick  brass  cylinders  with  knobs  at  the  ends  nearest  each 
other,  the  knobs  being  separated  by  a  little  air-si>ace:    WW 
are  wires  connecting  the  induction-coil  C  with  the  vibrator; 
R  is  a  metal  ring  with  a  small  section  cut  away  and  the  ends 
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fitted  with  knobs;  its  size  is  such  as  to  make  it  electrically 
attuned  to  one  of  the  wave-periods  that  the  vibrator  V  is 
capable  of  sending  forth. 

When  the  induction-coil  is  set  in  action,  it  charges  the 
vibrator — in  principle  a  Leyden  jar — whence  electric  oscilla- 
tions pass  to  and  fro  between  the  knobs,  following  a  spark. 


Fig.  76. 

These  oscillations  create  waves  in  the  surrounding  ether, 
which  are  collected  by  the  mirror  A  and  thrust  in  parallel 
rays  upon  the  screen;  this  reflects  them  into  the  mirror  B 
where  they  are  concentrated  upon  the  resonator  R  and  a 
series  of  responsive  sparks  between  its  knobs  is  the  result. 
But  if  the  screen  be  turned  into  any  other  position  than  per- 
pendicular to  PP\  as,  for  instance,  s's'  or  s"s\  the  reflected 
rays  will  take  the  directions  Pn  and  Pw",  and  no  longer  pro- 
duce sparks  in  /?,  even  while  the  vibrator  is  brilliant  with 

them. 

The  reflection  is  therefore  as  direct  and  concentrated  as 
would  be  that  of  material  particles. 
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If  a  particle  of  matter  approacli 
an  in  the  direction  CO  toward  A 
if  claplic,  along  the  path  it  cara«; 
any  uiibIc.  «» i"  F"&-  75-  •'  will  be 
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^^^■1  bjr  the  revolution  of 
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■   concentrated  on  it;    if  the  second  mirror  be  removed, 

liiK.  LLinperature  falls — if  restored,  it  rises  again.     For  light- 

.w:m.-:   place  a  small  glow-lamp  at  F  and  a  dazzling  spot  will 

•  'vMT  at  F\  which  gives  place  to  a  uniform  light,  if  the 

.."J3»l  mirror  be  taken  away,  only  to  return  when  in  place 

■  ;4:iTn.     And  thus,  at  pleasure,  we  can  have  at  /*",  sound  or 

-'liTice,  warmth  or  coolness,  blinding  brilliancy  or  grateful 

crlow,  according  to  the  nature  of  the  source  of  waves  at  /*" 

ill!  whether  the  second  mirror  be  in  place  or  not. 

To  show  that  electromagnetic  waves  are  similarly  rc- 
liccted  and  brought  to  a  focus,  a  small  change  is  made  in  the 
t'lrm  of  the  mirror:  as  described,  its  focus  is  a  point,  but  if  a 
-•vrrics  of  parabolas  like  FAB  be  laid  one  upon  another  in 
symmetrical  pile,  the  several  focal  points  thus  superposed  will 
i'jrm  a  focal  line.  The  interior  of  the  mirrors  should  be  coated 
with  tinfoil.  Then  inside  them  the  apparatus  of  Fig.  76  is 
i<»  be  adjusted — the  vibrator  V  in  one,  and  the  ring  K  in  the 
other,  and  both  so  that  their  knobs  shall  lie  in  the  focal  lines 
of  their  respective  mirrors.  Now  when  a  charge  on  V  breaks 
across  the  air-gap  as  a  spark,  it  will  excite  electromagnetic 
waves  in  the  ether  which  will  expand  to  the  surface  of  the 
mirror  FAB,  there  undergo  reflection,  proceed  in  parallel 
lines  to  the  second  mirror,  and  be  reflected' from  its  surface 
into  converging  lines;  these,  falling  upon  the  ring  /?,  will 
induce  a  current  in  it  that  will  leap  as  a  spark  between  its 
knobs.  But  if  these  knobs  be  moved  out  of  the  focal  line, 
there  is  no  responsive  spark;  nor  will  there  be,  if  the  second 
mirror  be  taken  away — the  force  of  the  waves  reflected  from 
the  first  mirror  is  too  diffuse  to  excite  the  necessar}^  charge 
in  the  ring. 
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Section  Four :  Refraction  of  Waves. 

50.  Light  waves — Refraction  is  a  feature  of  wave-mo- 
tion that  is  found  in  electromagnetic  phenomena  as  well  as  in 
Sound,  Heat,  and  Light.  Refraction  of  Sound  will  be 
brought  in  as  an  eye-witness,  for  the  air  and  its  tvaves  we 
knozv  exist;  but  the  ether  and  its  undulations  are  more  of  the 
nature  of  circumstantial  evidence — worthy  of  credence  in  the 
highest  degree,  but  still  with  a  possible  haze  of  doubt  cUnging 
to  them. 

Generally  slated,  refraction  means  a  change  in  both  the 
velocity  and  direciion  of  a  moving  wave  on  entering  one 
medium  from  another  of  different  density,  as  from  air  to 
water:  this  is  illustrated  in  the  case  of  sound  in  art.  51;  it 
may  also  be  illustrated  in  the  case  of  light  by  defining  the 
index  of  refraction.    Let  RIBG,  Fig.  78,  be  a  shallow  vessel  ■ 


Fic.  78. 


covered  with  glass;  it  is  half  filled  with  water  slightly  whit — 
ened  by  milk  and  the  air  above  is  smoky  from  a  puff  from  & 
cigar;  a  beam  of  light  from  a  lamp  L  is  reflected  by  a  plane 
mirror  M  in  through  a  slit  /  in  the  rim.  The  direct  beam  mo 
is  visible  in  the  smoky  air,  and  its  bent,  or  refracted,  con- 
tinuation, OG  is  in  the  milky  water.  PP  is  perpendicular  to  the 
surface  of  the  water,  and  mn  and  he  are  two  perpendiculars  to 
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PP  from  any  points  of  the  path  of  the  beam.  Divide  the 
radius  of  the  vessel  OB  into  any  number  of  equal  parts,  say 
100,  and  measure  mn  and  he  by  this  arbitrary  scale;  divide 
the  number  representing  the  former  by  that  denoting  the 
latter,  and  the  quotient  is  the  Index  of  Refraction.  It  is 
constant  for  the  same  two  media,  but  varies  when  these  are 
changed.  The  line  mn  is  the  sine  of  the  angle  (of  incidence) 
mon,  and  he  is  the  sine  of  the  angle  (of  refraction)  hoe,  so  that 
the  index  of  refraction  is  equal  to  the  quotient  of  these  sines. 

It  may  be  stated  in  passing  that  a  similar  law  has  been 
mathematically   deduced   for   electromagnetic   waves — only, 
that  for  these,  the  ratio  is  of  the  tangents  instead  of  the 
sines  of  the  angles.    Thus  the  fact  of  electromagnetic  refrac- 
tion was  analytically  estabhshed  prior  to  its  experimental 
proof. 

If  a  ray  R  of  any  single  color — red,  blue,  yellow,  etc. — 
meet  a  prism  of  glass,  ABCy  Fig.  79,  at  a  certain  angle,  it  will 


f 


Fig.  81.        Fig*  82.        Fig.  83. 


l>c  bent  parallel  to  the  base  as  in  ed,  and  emerge  in  the  direc- 
tion ip  symmetrical  with  Re\  if  the  ray  be  parallel  to  the  base 
before  entering,  it  will  be  bent  toward  it  in  the  prism,  and 
still  more  so  on  emergence  as  in  Fig.  80.    The  transition  from 
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velocity  and  direction  of  a  moving  wave  r 
medium  from  another  of  different  density, 
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covered  with  glass;  it  is  half  filled 
ened  by  milk  and  the  air  above  is  ,- 
cigar;  a  beam  of  light  from  a  lam; 
mirror  M  in  through  a  slit  /  in  the 
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tinuation,  OG  is  in  the  milky  water. 
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of  the  wave-front;  it  strikes  tiie  lens  at  o,  tlie  middle  is  at 
once  retarded  iii  the  denser  medium  while  the  ends  travel  on 
with  their  original  velocity  in  air  until  they  reach  the  points 
111  and  11;  by  this  time  the  middle  has  reached  d ,  a  less  dis- 
tance than  am  or  hn,  and  so  the  wave  presents  the  broken 
front  mdn;  the  ends  inmiediately  emerge  into  air  and  pro> 
ceed  as  before  while  the  middle  is  still  retarded  by  the  heavy 
carbonic  acid  gas  initil  it  reaches  0" .  when  all  parts  of  the 
wave  go  on  in  air,  bnt  in  two  columns  a'o"  and  h'o";  these 
gradually  converge  to  produce  their  full  effect  at  the  focus. 
52.  Heat  waves. — The  refraction  of  Heat  has  been  ef- 
iectyil  by  the  apparatus  shown  in  Fig.  86:    a  prism  of  rock 


Salt  A^C,  which  allows  heat  to  traverse  it  freely,  is  placed 
onastand;  £  is  a  thermo-electric  pile — a  combination  of  bars 
•if  antimony  and  bismuth — from  which  wires  lead  to  a  gal- 
vanometer C;  when  heat-waves  fall  on  the  ends  of  the  bars, 
I  which  are  alternately  soldered  together,  they  excite  in  them  a 
I  TOTfnl  of  electricity  which  is  conveyed  by  the  wires  to  the 
I  plvanoraeter  and  moves  its  needle.  The  bar  FN  is  pivoted  at 
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jF,  SO  that  the  pile  E  may  be  revolved  into  any  position.  Jf 
is  a  copper  cube  filled  with  boiling  water  and  screened  off  to 
prevent  heat  reaching  the  pile  except  through  the  hole  /i. 

Before  placing  the  prism  on  the  stand,  and  with  the  pile 
at  E\  in  the  direct  line  from  /i,  the  rays  of  heat  RE!  fall  upon 
it,  and  the  needle  swings  in  response  to  the  consequent  cur- 
reht:  but  with  the  prism  placed  on  its  stand,  the  needle  in- 
stantly returns  to  zero,  and  before  it  moves  ag^n  as  indica- 
tive of  heat  falling  on  the  pile,  the  latter  must  be  revolved 
through  a  considerable  angle — into  the  position  £.  Thus, 
as  in  the  case  of  light.  Fig.  80,  the  heat-waves  are  heni  by  the 
prism — refracted — into  the  line  /?/?. 

53.  Electromagnetic  waves. — The  mode  of  procedure 
to  show  the  refraction  of  electromagnetic  waves  is  similar  to 
that  described  in  the  preceding  article.     Fig.  87  will  illus- 


FiG.  87. 

trate  it — a  reproduction  in  part  of  Fig.  yy\  PAB  is  a  para- 
bolic mirror,  and  I'  a  vibrator  and  R  a  resonator  similar  to 
those  shown  in  Fig.  76;  P'A'B'  and  P"A''B''  are  two  positions 
of  the  second  mirror;  both  f  and  R  are  to  be  adjusted  verti- 
cally in  the  focal  lines  of  their  respective  mirrors;  XYZ  is  a 
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very  large  prism  of  pitch;  S  and  S'  are  two  sine  screens  so 
placed  as  to  intercept  all  waves  other  than  those  that  have 
passed  through  the  prism.  When  the  prism  is  not  interposed, 
a  spark  passing  between  the  kncbs  p  and  q  will  excite  a  spark 
between  the  knobs  h'  and  k'  placed  in  the  direct  line  from  the 
first  mirror;  but  when  the  prism  is  in  place  as  shown,  no 
spark  will  occur  in  the  ring  R,  even  while  the  vibrator  is 
sparking,  until  the  second  mirror  is  moved  many  degrees 
out  of  the  direct  line,  or  into  the  position  P"A"B". 

The  index  of  refraction  given  by  this  experiment  was  1.69, 

I  which  nearly  agrees  with  the  index  (1.5  to  1.6)  found  for 
bitch-like  substances  by  optical  ex]>eriments. 
And  thus  refraction  points  to  the  kinship  of  heat,  light, 
and  electricity — that  they  are  due  to  the  undulations  of  some 
meciiiim,  since  sound,  which  is  due  to  waves  of  air,  is  refracted 
in  precisely  the  same  way. 

H  54-  Light  waves. — So  far,  four  phenomena  have  been 
*nsed  to  illustrate  wave-motion — interference,  reflexion,  con- 
vergence, ai>d  refraction.  Interference  was  described  for 
waves  of  water,  air,  and  ether;  and  thus  phenomena  in  the 
last  medium,  which  Is  hypothetical,  was  connected  through 
the  invisible  but  none  the  less  real  air  with  similar  occurrences 
in  water,  which  is  material  enough  to  carry  conviction  to  any 
mind.  The  tie  being  thus  established  for  the  existence  and 
action  of  waves  in  various  media,  the  gross  water  was  dropped 
out  of  the  illustrations  of  reflexion,  convergence,  and  refrac- 
tion; but  the  bond  was  further  cemented  by  description  of 
these  phenomena  in  both  air  and  ether:  now,  however,  a 
step  beyond  must  be  made — an  advance  into  regions  wholly 
ideal,  and  a  phenomenon  described  that  is  found  only  in  the 
ether — Polarization.    It  is  a  characteristic  alike  of  heat,  hght. 


Section  Five :  The  Polarization  of  Wavee. 
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chemical,  and  electromagnetic  waves;  and  as  it  has  been 
pretty  satisfactorily  established  in  the  foregoing  pages  that 
a  medium  must  exist  for  these  actions  and  that  the  mode 
of  propagating  their  energy  is  by  a  wave,  what  follow-s  is  by 
way  of  confirming  this  view.  Polarization,  then,  is  only  an- 
other link  connecting  electromagnetic  waves  with  the  other 
waves  of  the  ether — the  luminous,  thermal,  and  actinic. 

Just  as  a  source  of  sound  is  a  center  of  aerial  disturbance, 
or  a  stone  thrown  into  water  gives  rise  to  a  series  of  expand- 
ing ripples,  so  a  source  of  light  creates  commotion  in  the 
ether,  which  travels  outward  in  straight  lines,  called  rays. 

The  molecules  of  water  do  not  advance  wMth  the  wave, 
but  rise  and  fall  across  a  mean  line  drawn  in  the  direction  of 
the  undulation:  and  this,  too,  is  the  motion  of  the  particles  of 
ether — across  the  progress  of  the  ray — only,  that  whereas  the 
drops  of  water  move  up  and  down  alone,  the  ether  particles 
move  in  everv  direction  across  a  center,  as  diameters  cross 
that  of  a  circle:  and  it  is  the  propagation  of  this  kind  of  mo- 
tion to  the  particles  of  ether  lying  in  a  straight  line  that  consti- 
tutes the  velocitv  of  lii^ht.  When  the  commotion  reaches  the 
eye  it  causes  the  sensation  of  light.  The  idea  intended  to  be 
convoyed  is  illustrated  in  Fig.  88,  where  the  arrow  represents 
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I  III-  (lin'ciion  of  (lie  ray.  and  the  circles,  successive  stages  of 
ilu  <•  M  ilI.iitMN  inoxcmciu  as  it  roaches  the  particles  lying 
.ilniii-  ii  ..Inlc  (lir  circles  aloni;-  the  arrow  until  thev  are  in 
«l«»  I  |.ii.Mmii\.  .mt!  ii  \\\\\  rcprosont  the  continuous  condi- 
ii«»ii  i.i  ihr  ,il,rt  r.ciucou  any  two  particles  in  the  same 
I'li.i'^i    .1    III    /'  .iihI    /\  there  will  bo  particles  in  every  inter- 
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mediate  phase,  as  shown  in  Fig-.  15,  page  37:  this  indicates 
that  the  projiagation  of  light  is  by  the  iindulalory  movement 
there  delineated. 

This  matter  of  the  osciliation  of  the  ether  panicles  will  be 
furtlicr  illustrated.    Consider  Fig.  8g:  A  is  a  cluster  of  small 
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ivory  pellets  tied  close  down  to  a  board  with  indiarubber 
threads;  />  is  a  single  one  of  these  pellets;  pull  it  vertically  to 
the  elastic  limit,  »i.  of  ihe  thread  and  let  it  go;  it  will  swing 
to  II.  and  continue  oscillaling-  until  friction  both  of  the  medium 
and  of  the  parts  of  the  thread  exhausts  the  energy;  similarly, 
f*.  (/.  and  c  are  drawn  horizontally  and  in  inclined  directions — 
they  all  may  represent  particles  of  ether  swinging  to  and  fro. 
Now  unite  a  multitude  of  such  particles,  let  each  oscillate  in 
a  diameter  of  the  same  circle  and  we  have  Z — one  of  the 
stages.  .A^A^A^.  etc.,  of  the  ether  along  the  ray  in  Fig.  88. 

Material  atoms  in  intense  vibration  are  sources  of  light; 
let  one  such  atom  occupy  the  center  of  the  cluster  at  A,  Fig. 
8q.  and  the  ivory  pellets  represent  so  many  particles  of  ether 
surrounding  it;  the  pellet  is  pulled  out  by  the  hand — the  ether 
is  pushefl  out  by  the  vibratory  change  of  form  of  ihe  atom; 
the  pellet  swings  back  on  account  of  the  elastic  force  of  the 
thread  that  ties  it  down,  and  the  ether  does  the  same  because 
of  its  inherent  elasticity.  Violent  expansion  and  contraction 
of  the  vibrating  atom  keeps  up  the  commotion — drives  the 
ether  outward  and  permits  it  to  close  in  again,  and  as  each 
particle  swings  in  a  radius,  ail  are  thus  oscillating  in  an  in- 
finity of  radii  from  a  center — a  starry  nucleus  as  represented  at 
Z  in  Fig.  89. 
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As  regards  the  constitution  of  the  ether,  I  may  quote  the 
following  opinion,  which,  however,  was  not  expressed  in  con- 
nection with  the  illustrations  here,  which  are  solely  the 
author's: 

"  I  do  not  say  that  the  medium  [the  ether]  is  thus  made 
up  of  discrete  particles,  or  that  the  different  portions  of  it  vi- 
brate in  this  manner;  but  there  is  undoubtedly  a  directed 
quantity  transverse  to  the  direction  in  which  the  wave  is  travel- 
ling, the  value  of  which  at  different  points  may  be  represented 
by  the  displacements  of  the  particles/'  (Prof.  Andrew  Gray, 
F.R.S.) 

In  Fig.  90,  a  ray  of  light,  AO,  made  up  of  starry  elements 


Fig.  90. 

like  Z,  Fig.  89,  approaches  a  slab  of  glass,  MiV,  at  a  certain 
angle,  58°,  called  the  polarizing  angle:  the  horizontal  oscilla- 
tions of  the  several  elements,  such  as  r,  Fig.  89,  considered 
perpendicular  to  the  plane  of  the  paper  in  Fig.  90,  or  ]\]\, 
Fig.  91,  striking  the  glass  on  their  sides,  as  a  flat  stone  glances 
along  the  water,  are  reflected  like  a  series  of  bars,  //,  spaced 
along  the  direction  OB,  each  parallel  to  the  upper  surface  oi 
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E  glass;  the  vertical  oscillations,  on  the  contrary,  such  as  h, 
&ig.  89,  and  w\  Fig,  91,  meeting  the  glass  endwise,  strike 
into  it,  as  the  stone  woiiUi  enter  water  if  its  edge  met  it;  and 
ihey  are  refracted  like  a  succession  of  bars,  V,  Fig.  90,  along 
^^e  line  OC  in  a  plane  al  right  angles  to  the  face  of  the  glass. 
H|  The  oscillations  inclined  at  an  angle,  as  (/  and  e,  Fig.  89, 
^Kr^c',  Figs.  91  and  92,  are  each  resolved  into  two  components, 
^Bie  horizontal,  as  st.  and  the  other  vertical,  as  se  +  te'.    Thus, 


Fiii.  93. 
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while  the  ray  AO,  Fig.  90,  met  the  glass,  oscillating  in  the  di- 
rections of  the  spokes  of  a  wheel,  it  ceased  to  do  so  after  im- 
Ipact,  but  became  restricted  to  two  directions;  what  was 
l«flfrtf(/,  was  composed  of  oscillations  only  in  a  plane  parallel 
I  to  the  face  of  the  glass,  as  in  Fig.  93,  while  that  refracted  had 
lonly  oscillations  in  the  plane  perpendicular  to  that  face,  as  in 
[.  94,  This  is  polarization.  It  is  a  condition  of  light  that 
Ittay  be  produced  by  other  means  than  reflection  and  rcfrac- 
fnon,  and  consists,  as  indicated,  in  reducing  the  ether  oscilla- 
ftions  from  radial  directions  to  parallelism. 

The  behavior  of  polarized  light  is  illustrated  by  Figs.  95 
098:  in  each,  a  and  b  are  two  plates  of  glass  blackened  on 
mt  side  in  order  to  have  only  a  single  reflecting  surface;  a 
Bseen  endwise  in  all  and  b  is  so  in  Figs,  95  and  97 — that  is. 
their  reflecting  surfaces  are  perpendicular  to  the  plane  of  the 
paper:  in  Fig,  96,  h  is  turned  so  as  to  present  its  front  at  an 
^le  to  the  observer,  and  in  Fig.  98,  it  is  turned  with  its  back 
in  a  similar  way;  the  ray  P  is  the  natural  sunlight  as  it  enters 
through  some  aperture  and  strikes  the  plate  a  at  the  polariz- 
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ing  atiffle;  when  reflected  in  R  it  has  only  oscillations  paralld 
lo  the  surface  of  a — their  ends  are  seen  in  the  ray.  The  ve 
cal  oscillations  striking  the  glass  edgewise  are  all  broken  up 
(compare  in  this  connection  Figs.  91  to  94,  which  will  ex- 
|)lain  the  process).    In  Figs.  95  and  97,  the  oscillations  of  R 


rin.  97. 

full  upon  /'  on  their  sides  and  are  reflected  in  £  and  F;  but  itf 
l-'iRit,  <j(>  nnd  <)X  they  encounter  fr  endwise  and  are  destroyed^ 
hcuor  no  rctlectcd  ray. 

Many  suhstanccs  arc  variously  dense  in  different  direc- 
tions of  their  structure:  ice,  for  instance,  is  more  compact 
Jir»i(rhl  down  into  it.  than  along  its  surface,  and  wood  is  of 
cltw*r  texture  with  the  grain  than  across  it.  Several  crystals 
lMi\-t  the  saute  characteristic,  among  them  tourmaline  and 
Icrlautl  spar. 

It  lM!>alrNtiIybe«ns)towii  that  aftitFcrcnc«indensityoftwo 
nttdJA  (MT»tl»*c«  refraction:  the  same  is  trac  of  a  difference  of 
tlttwtiy  it)  t«\>  ttirrcttoiis  of  the  same  nwdiam.  so  that  a  ray 
(4  light  vntfrinc  such  a  sulistance  will  be  differently  refracted  J 
— :^)t  into  tw»»  i«rts  that  *t1I  tnvwree  H.  each  in  its  own  (fr-'l 
rveiMMt,  with  ii»  ownt  v-cktctiv.    Tounnt&ie  exists  in  1 
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varieties  and  colors;  it  is  of  uniform  density  in  a  certain  direc- 
tion called  the  axis  of  the  crystal,  and  also  at  right  angles  to  it, 
imi  of  different  degree  from  the  other:  a  ray  of  light,  there- 
fore, entering  the  crystal,  will  suffer  double  refraction — be 
divided  between  two  paths;  but  while  that  parallel  to  the  axis 
is  an  open  passage,  the  one  across  il  is  completely  barred.  The 
lipht  emerges  polarized — oscillating  parallel  to  the  axis  of  the 
crystal  only.     Tliis  is  illustrated  in  Figs.  99  to  102:   in  99,  7" 


& 


FiQ.  99. 


is  the  tourmaline  with  its  axis  in  a  vertical  plane;  /?  is  a  pencil 
oi  natural  tight,  it  emerges  at  P  reduced  to  oscillations  par- 
allel to  the  axis  only ;  in  Fig.  loo  a  second  plate  of  tourmaline, 
r,  is  placed  with  its  axis  parallel  to  the  first,  and  through  ii 
'lie  polarized  ray  P  passes  without  hindrance,  emerging  at  £. 
still  polarized  like  P\  in  Fig.  lor  7"'  is  another  plate  of  tour- 
L.  nialine  turned  with  its  axis  at  right  angles  to  that  of  7",  and 
I  ^"6  polarized  ray  P  is  thereby  completely  stopped;    in  Fig. 


^■iMHMIill ^ 
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2  two  plates  of  tourmaline,  T"  and  T""  are  crossed,  thus 
Ijoenching  the  brightest  light- — a  black  spot  appearing  where 
I%hl  should  he.  Tourmaline  is  most  valuable  for  determining 
we  condition  of  light;  if  plane  polarized,  the  crystal  gives  free 
'  passage  to  the  oscillations  in  one  direction,  but  opposes  them 
completely  in  another,  just  as  a  row  of  parallel  bars  would  a 
card.  Fig.  103. 


94      THE  DISTINCTIVE  FEATURES  OF   WAVE-MOTION. 

Iceland  spar  is  a  transparent  substance  that  also  produces 
double  refraction,  but,  unlike  tourmaline,  both  rays  emerge 
intact.    Fig.  104  represents  such  a  natural  crystal:   hdek  is  a 


^ 


Fig.  104. 

plane  through  its  axis,  and  any  ray,  P,  entering  the  crystal 
in  or  parallel  to  this  plane,  will  emerge  as  at  M  undivided, 
as  from  a  block  of  glass;  but  if  the  incident  ray  departs  from 
parallelism  with  this  plane,  as  at  /?,  it  will  be  split  in  its  passage 
through  the  crystal,  and  emerge  as  two  parts,  5"  and  T,  the 
oscillations  of  which  are  at  right  angles  to  each  other  as  illus- 
trated in  Figs.  93  and  94,  and  which  may  be  verified  by  a  plate 
of  tourmaline,  as  in  Fig.  103;  and  the  greater  the  angle  be- 
tween the  incident  ray  and  the  direction  of  the  axis  in  Fig- 
104,  the  more  will  the  polarized  rays  5*  and  T  separate,  until, 
when  it  is  90°,  as  at  Q,  the  divergence  is  greatest.  On  further 
increase  of  the  angle,  the  rays  approach  each  other,  and  when 
it  has  become  180°,  they  are  again  together.  If  F  be 
a  vertical  axial  line  of  the  crystal,  and  R  a  ray  making  o^'j 
angle  with  it,  then  if  this  revolves  in  a  cone  around  P,  so  will 
6*  and  T  describe  cones  about  M,  its  prolongation. 

Of  Iceland  spar  an  instrument  is  made — a  Nicol  prism— 
that  will  now  be  described,  as  it  is  used  in  experiments  to 
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[rrove  the  polarization  of  heat.  Fig.  105  represents  3  block 
cf  the  spar:  to  make  the  Nicol,  this  is  cut  diagonally  into 
two  pieces  from  H  to  A",  the  two  surfaces  of  the  cut  are 
smoothly  polished,  and  again  united  by  means  of  a  cement, 
so  ihat  the  crystal  presents  its  original  aspect:   but  the  layer 


I  of  Cement  which  now  lies  in  its  interior  has  the  property  of 
'■  "Reflecting  one  of  the  two  refracted  rays  entirely  out  through 
"•e  side  of  the  prism,  while  the  other  is  allowed  to  traverse  its 
'^gth.  Fig.  106  shows  a  section  of  the  block  in  Fig.  105, 
through  the  edges  HH' — KK':  HK'  is  the  line  of  the  cement. 
^e  ray  R  incident  at  B  enters  the  prism,  is  split  into  the  two 
polarized  rays  Be  and  Bn:  the  latter  sufTers  total  reflection 
^"  "v^,  while  the  former  continues  on  to  d  and  emerges  toward 
^  ''vith  the  oscillations  polarized  as  represenle*!  parallel  to  the 
*^*^tion  HKH'.  The  prism  is  set  in  a  case  as  shown  in  Fig, 
"'z.  the  line  PP'  of  the  longer  diagonal  being  the  direction  in 
^^>ch  the  oscillations  take  place.  Two  such  instruments  may 
"t  Used  jointly  as  polarizer  and  analyzer,  for  either  will  afford 
^polarized  ray  as  illustrated  in  Fig.  106.  and  the  other  placed 
^  llie  path  of  this  ray  will  indicate  the  action  of  the  first.  If 
]  as  at  .f^  and  B,  Fig,  108,  with  their  longer  diagonals 
1  parallel,  a  ray  R  entering  the  first,  will  give  a  polarized  ray  P, 
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which  will  pass  freely  through  B  and  emerge  at  £,  polarized 
as  it  was  in  P:  but  if  B  be  gradually  turned  round  a  horizontal 
axis  through  its  length,  the  ray  E  begins  to  fade,  and  becomes 
extinct  when  B  has  acquired  the  position  C,  its  longer  diag- 
onal at  right  angles  to  that  of  ^,  or  the  Nicols  are  "  crossed." 


^ 


^B 


Fig.  io8. 


It  is  similar  to  the  action  of  the  tourmalines  in  Figs*  lOO,  loi, 
and  1 02. 

Polarization  covers  an  extensive  and  intricate  field  of  phy- 
sical research,  but  only  such  part  of  it  has  been  described  as 
is  necessary  to  point  out  the  connection  between  heat,  light, 
chemical  action,  electricity,  and  magnetism — that  these  are  all 
manifestations  resulting  from  waves  in  the  ether.  There  is 
one  phase,  however — circular  polarization — that  will  be 
briefly  illustrated  by  a  simile  as  its  use  comes  in  later.  Im- 
agine a  wheel  of  many  spokes  turned  slowly  on  its  axle  at  the 
same  time  that  it  is  rapidly  pushed  along  this  axle:  if  the 
spokes  represent  lines  of  oscillation  of  ether  particles  and  the 
tire  the  limit  of  their  excursion,  then  this  tire  will  enclose  a 
region  of  triple  movement;  an  in-and-out  motion — the  oscil- 
lation of  the  particles,  a  rotary  motion — the  revolution  of  the 
wheel  as  a  whole,  and  a  translatory  motion — its  thrust  along 
the  axle,  and  all  resulting  in  a  kind  of  spiral  wave — circular 
polarization.  But  this  may  have  a  visible  representation  in 
the  case  of  a  garden  hose;  if,  while  held  in  the  hand,  the 
nozzle  be  swung  round  in  a  circle,  the  issuing  stream  will  no 
longer  appear  like  a  straight  glass  rod,  but  a  spirally  advanc- 
ing wave. 

In  a  former  article,  it  was  shown  that  an  oscillating  pendu- 
lum, which  in  reality  swings  in  wave-motion,  describes  a 
straight  line,  a  circle,  or  an  ellipse,  according  to  the  point  of 
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its  path  at  which  a  blow  was  dealt  it:  so,  too,  waves  of  ether 
entering  a  plate  of  quartz  are  made  to  act  upon  each  other 
in  such  manner  thai  circular  polarization  is  the  result — the 
particular  structure  of  this  crystal  is  to  the  ether-waves  what 
the  blow  was  to  the  pendulum  that  produced  rotary  motion. 
The  peculiar  crystallization  of  tourmaline,  on  the  other  hand. 
produces  right-line  motion,  or  plane  polarization:  and  there 
are  other  crystals  that  cause  elliptical  polarization. 

55-  Actinic  waves. — Ether-waves  that  produce  chemical 

effects  have  been  plane  polarized  by  tourmaline  and  the  result 

shown  on  a  plate  coated  with  chloride  of  silver.     Referring 

back  to  Figs.  99  to  102,  if  a  sensitized  plate  be  exposed  to  the 

vibrations  P  coming  from  the  first  crystal  or  to  those  at  £ 

I  emergent  from  the  second,  the  action  upon  the  chloride  of 

1  Blvcr  will  be  rapid;-  but  if  the  second  crystal  be  turned  as  in 

ig,  101  or  both  be  crossed  as  in  Fig.  102,  and  a  new  sensit- 

izd  plate  be  exposed,  no  action  whatever  will  take  place, 

thus  proving  that  the  actinic  rays  entering  the  first  crystal 

_Wl  it  plane  polarized.     It  is  entirely  analogous  to  the  case  of 

Bght. 

56.    Heat    waves. — Ether-waves  that  produce  heat  have 
iWti  polarized  by  an  apparatus  represented  in  Fig.  log:    L 


■an  electric  lamp;  A  and  B  two  Nicol  prisms  with  their  axes 

rtical  and  parallel;   £)  is  a  trough  filled  with  bisulphide  of 

on  having  some  iodine  dissolved  in  it — a  solution  that  in- 
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tercepts  the  brightest  light  but  allows  obscure  heat  to  pass 
freely;  7"  is  a  thermopile  and  G  a  galvanometer.  With  the 
Nicols  placed  as  shown  at  A  and  B  and  the  galvanometer 
needle  at  zero,  the  cap  covering  the  lens  at  L  is  removed,  and 
immediately  the  needle  jumps  wildly  around  from  the  effect 
of  the  Hood  of  rays  emitted  from  the  lamp — they  pass 
through  A.  are  there  polarized,  emerge  as  vertical  oscillations 
only,  are  completely  shorn  of  their  luminosity  by  D,  pass 
through  B  as  obscure  oscillations,  fall  upon  T,  and  excite 
in  it  an  electric  current  that  moves  the  needle  at  G.  But  now 
turn  B  around  a  horizontal  axis,  as  shown  at  C  (but  in  the 
place  B  occupies),  until  the  Nicols  are  "  crossed  "  and  at  once 
the  vertical  oscillations  are  barred  and  the  needle  returns  lo 
zero.  And  so  by  alternate  parallelism  or  crossing  of  the 
prisms,  passage  or  obstruction  is  produced,  as  shown  by  l!ic  !; 
corresponding  swing  or  return  of  the  needle. 

57.    Electromagnetic    waves.— The  polarization  of  elec-     I 
troinagnetic  waves  has  been  effected  by  a  procedure  similar 
to  the  foregoing,  only  that  suitable  electrical  means  were  em- 
ployed.   These  are  represented  in  Fig.  no:  A  and  B  are  two 


o 


parabolic  mirrors;  V  is  a  vibrator  and  R  a  resonator  placed 
vertically  in  the  focal  lines  F  and  F'  of  their  respective  mir- 
rors; C  is  an  induction-coil  for  charging  the  vibrator  I-'.  In 
fact  the  apparatus  is  a  reproduction  of  parts  of  Figs.  76 and 77. 
When  a  spark  passes  in  V,  the  resulting  electric  oscillations 
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iend  out  a  series  of  electromagnetic  waves  which  are  reflected 
from  the  zinc-faced  mirror  A,  and  thence  proceed  in  parallel 
rays  E,  toward  the  similar  mirror  B,  there  to  be  reflected 
again  and  brought  into  convergence  upon  R,  whence,  if  the 
mirrors  be  placed  as  in  Fig.  no,  with  both  focal  lines 
parallel,  a  responsive  spark  will  occur  in  R.  Now,  if  the 
mirror  B  be  gradually  turned  round  aji  axis  parallel  to  the 
direction  of  the  rays  E.  the  responsive  sparks  will  become 
fewer,  and  cease  altogether  when  the  focal  lines  F  and  F'  are 
at  right  angles  to  each  other,  even  if  the  mirrors  be  moved 
close  together. 

Evidetnly,  the  rays  E  had  been  polarized  by  rdlfclion  at 
the  mirror  J. 

To  show  this  in  another  way:  a  large  grating  G  was  pre- 
pared by  stretching  thin  wire  in  parallel  lines  from  side  to 
{.  side  of  a  frame;  the  mirrors  were  turned  with  their  focal  lines 
vertical  and  parallel;  the  wire  frame  was  placed  between  the 
mirrors,  perpendicuiarly  to  the  direction  of  the  rays  E.  with 
'he  wires  in  a  definite  direction  relative  to  that  of  the  focal 
lines  of  the  mirrors.  Thus  arranged,  ihe  responsive  sparks 
passed  unabated  in  R;  but  when  the  direction  of  the  wires 
Was  slowly  changed  by  revolving  the  frame,  then  the  sparks 
Wgan  lo  fade,  and  ceased  entirely  when  the  angle  through 
^nich  ii  was  turned  became  90°. 

This  is  the  exact  analogue  of  the  polarization  of  light 
•"tistraterf  with  tourmaline  plates  in  Figs.  99  to  102. 

Again:  in  Fig.  108,  when  two  Nicol  prisms  are  "  crossed  " 
*s  ai  A  and  C,  none  of  the  polarized  light  which  leaves  A 
^''llpass  through  C;  but  if  a  crystalline  plate  be  suitably  inter- 
Posed  between  the  "  crossed  "  Nicols,  its  axis  making  an 
^'igle  of  45°  with  their  long  diagonals,  this  plate  then  resolves 
''le  ray  into  two  components  as  in  Fig.  92,  and  one  of  these 
^nds  an  open  way  through  the  second  Nicol:  similarly,  and 
"^r  ihe  same  reason,  when  the  direction  of  the  wires  in  Ihe 
'•"ame  makes  an  angle  of  45°  with  the  focal  lines  (the  latter 
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being  '*  crossed  "  or  at  right  angles  to  each  other),  then 
sparks  occurred  in  R  in  response  to  primary  ones  in  V, 

This  was  further  illustrated  by  means  of  a  block  of  wood: 
placed  between  the  **  crossed  "  mirrors,  with  the  direction  of 
its  grain  making  an  angle  of  45**  with  the  focal  lines,  it  acted 
exactly  like  the  crystalline  plate  between  the  "  crossed " 
Nicols — resolved  the  rays  as  in  Fig.  92,  and  thus  one  com- 
ponent reached  the  second  mirror  parallel  to  ^s  focal  line,  and 
was  concentrated  on  the  resonator  /?,  causing  it  to  respond 
with  a  spark.  The  fibre  of  the  wood  was  to  the  electromag- 
netic waves  what  the  peculiar  crystallization  of  the  plate 
placed  between  the  Nicol  prisms  was  to  those  waves  of  ether 
that  produce  light. 


Section  Six :  The. Absorption  of  Waves. 

58.  Periodic  motion,  and  the  movement  resulting  fsm 
accord  of  period  of  two  bodies. — Absorption  may  be  said 
to  result  from  a  sympathetic  movement,  or  identity  of  period, 

of  two  bodies. 

Many  things  in  nature  have  a  definite  period  of  vibration: 
a  pendulum  swings  to  and  fro  in  a  certain  time  dependent  on 
its  length;  a  piano-wire  has  a  specific  rate  of  vibration  due 
to  its  length,  weight,  and  tension;  an  organ-pipe  will  give 
out  any  note  by  varying  its  height;  a  vessel  of  water  carried 
on  the  head  may  be  caused  to  overflow  by  suitabl/  timing  the 
steps  of  the  carrier;  and  the  stout  framework  of  a  bridge  may 
l)e  sundered  by  the  measured  tread  of  an  army. 

If  two  clocks  whose  pendulums  are  the  same  length,  be 
set  up  against  a  wall  at  a  little  distance  apart,  and  one  set 
going,  the  other  remaining  stopped,  this  latter,  after  a  time, 
will  start,  too;  the  repeated  ticking  is  communicated  through 
the  wall  as  a  periodic  impulse,  and,  feeble  though  each  be, 
their  sum  produces  the  movement. 
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It  has  been  stated  that  a  column  of  air  in  an  organ-pipe 
gives  a  niiisical  note  dependent  on  its  length:  place  such 
a  pipe  over  the  flame  of  a  gas-burner,  and  pitch  tiie  voice  to 
the  period  of  the  tube,  the  flame  will  burst  inio  song;  silence 
the  Haine.  and  sound  the  same  note  on  a  musical  instrument, 
again  the  flame  will  sing;  even  one  singing  flame  will  start 
another  Hame  into  unison  with  itself  when  covered  by  a  tube 
like  its  own;  but  none  of  these  effects  will  be  produced  by 
any  other  note  than  llie  one  proper  to  the  tube.  It  is  the 
successive  waves  of  air  from  the  voice,  instrument,  or  active 
flame,  that,  falling  upon  the  quiescent  one,  cause  it  to  flicker 
regularly  and  start  similar  waves  in  the  column  of  air  over  it 
to  produce  the  responsive  note.  Similarly,  two  tuning-forks 
of  the  same  pitch  placed  on  their  sounding-boxes  a  Utile  dis- 
tance apart,  if  one  be  thrown  into  vibration  and  then  stopped, 
it  will  be  found  that  the  other,  Avhich  had  not  been  touched, 
is  sounding  the  note  of  the  first:  if  either  be  loaded  with  a 
piece  of  wax,  this  destroys  their  identity  of  pitch  and  there 
will  be  no  interaction  whatever. 

In  like  manner,  if  a  person  sings  loudly  into  an  open  piano, 
the  same  note  is  gently  returned  by  those  strings  which,  if 
struck  by  the  keys,  would  give  out  that  note.  And  to  carry 
the  illustration  further,  if  a  series  of  tuning-forks,  all  of  differ- 
ent pitch,  be  set  upon  a  sounding-board,  and  a  composite 
wave  of  sound — the  finale  of  an  orchestra,  for  instance — 
sweep  through  them,  it  will  be  sifted  in  the  passage;  each 
fork  will  pick  out — absorb,  those  vibrations  it  would  give 
itself,  if  struck,  and  only  those  will  pass  on  that  find  no  fork 
attuned  to  them. 

It  is  the  same  with  waves  of  ether:  they  reach  us  of  every 
form  and  of  varied  length  from  their  great  central  source — the 
Sun;  they  all  strike  upon  the  particles  of  matter;  some  find  one 
kind  of  atom  attuned  to  iheir  wave-length — some  another, 
and  accordingly  this  matter  gives  out  heat,  or  light  of  every 
hue.  or  is  shattered  into  its  chemical  constituents  to  form  new 
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combinations,  or  is  electrified,  or  magnetized.  And  hence 
it  is  that  some  substances  are  transparent — others  opaque; 
some,  good  conductors  of  heat  and  electricity — others,  so 
bad,  as  to  be  called  tnsulators;  some,  so  sensitive  to  ilie 
actinic  wave  as  to  be  decomposed  by  its  slightest  ripple- 
others,  so  stable  that  only  the  most  violent  shocks  will  dis- 
rupt them;  some,  easily  receptive  of  magnetism — others,  re- 
sistent  to  a  degree  that  is  next  to  utter  exclusion.  It  is  all  a 
question  of  accortl  or  discord  between  the  vibrations  of  the 
atoms  and  the  ether-waves  that  beat  upon  them.  Glass  is 
transparent  to  light-waves,  thoiigh  differing  in  length,  while 
it  is  opaque  to  the  longer  waves  of  obscure  heat  as  well  as 
to  the  shorter  ones  that  act  chemically;  a  solution  of  iodine. 
on  the  other  hand,  is  impenetrable  to  light,  while  giving  free 
passage  to  obscure  heat;  and  rock  salt  transmits  both  heal 
and  light  equally  well. 

If  a  red  ribbon  be  held  in  the  red  portion  of  the  3i 
spectrum,  its  color  will  be  intensified ;  if  in  the  green,  or  bli 
or  any  other  part,  it  will  appear  black;  if  a  green  ribbon  be 
held  in  the  green  of  the  spectrum,  it  will  be  a  brighter  green, 
but  in  the  red  or  blue  it  will  be  black;  red  and  green  are  com- 
plementary colors,  that  is,  one  allows  those  waves  to  pass  that 
the  other  absorbs,  hence  both  absorb  all  the  waves,  and  ii 
used  together,  they  constitute  as  opaque  an  obstacle  to  tight 
as  a  plate  of  iron.  A  black  ribbon  absorbs  all  the  visual  waves 
just  as  red  and  green  ribbons  do  jointly. 

It  is  the  waves  that  are  reflected  back  to  the  eye  that  gi' 
the  substance  its  color;  those  that  are  absorbed,  augment  th« 
molecular  vibration  of  the  body  which  then  feels  warmer  to 
the  touch,  as  when  the  red,  or  the  green,  or  the  black  rihbc*!' 
is  placed  in  the  spectrum;  or  else  these  absorbed  waves  a*"^ 
stored  energy,  like  a  wound-up  watch,  to  become  appare^i' 
as  phosphorescence  or  fluorescence  at  some  future  time;  oT 
they  do  chemical  work,  as  when  the  carbon  is  torn 
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oxygen   of  carbonic  acid,  to  form   the  woody  structure  of 
plants. 

But  a  substance  must  have  some  thickness  in  order  to 
quench  enough  waves  to  give  it  color;  a  thin  stratum  of  ale 
is  as  colorless  as  distilled  water,  whereas  a  glassful  has  an 
amber  hue,  and  water  some  feet  in  depth  .ncfjiiires  a  bluish- 
green  tint. 

A  violet  is  blue  because  it  absorbs  all  the  longer  waves  of 
composite  light  and  a  geranium  is  red  because  it  absorbs  all 
the  shorter  ones,  both  species  of  Hower  reflecting  to  tbe  eye 
those  waves  that  give  it  distinctive  color.  But  the  blue  of  the 
sky  is  not  due  to  absorption,  but  to  reflexion— by  the  infini- 
tesimal motes  of  distant  space  which  turn  back  upon  our  eyes  . 
iW  short  blue  waves;  while  the  crimson  glow  of  morning 
snd  evening  is  transmitted  light,  the  long  red  waves — the 
sWt  ones  being  dissipated  in  atmospheric  regions  as  a  suc- 
I    «ssion  of  rebounding  echoes. 

Thus  every  substance  has  a  preference  in  ihc  exercise  of 

I    its  absorptive  powers,  selecting  some  waves  and  rejecting 

I    others;  as  before  .stated,  it  is  a  matter  of  accord  or  discord 

Iftween  tbe  wave  and  the  molecules  of  the  substance,  just  as 

I    It  the  case  of  the  .swing  and  the  timid  impulses  to  it,  or  the 

itining-fork  responsive  lo  one  of  like  pitch  in  vibration. 

59.  Spectrum  analysis  and  the  absorption  of  light 
*ave8. —  By  suitable  means,  every  substance  may  be  reduced 
tea  state  of  vapor;  sulphuric  ether  volatilizes  in  air,  water 
wcomes  steam  at  212",  and  brass  is  converted  into  a  gaseous 
Wly  in  the  electric  arc.  As  a  vapor,  the  molecules  of  a  sub- 
Since  enjoy  great  freedom  of  movement — they  spread 
throughout  space,  or  draw  together  under  any  pressure;  they 
dan  back  and  forth  in  every  possible  direction,  colliding,  re- 
wiling,  shooting  on  again  through  open  vistas,  or  bombard- 
ing; the  walls  of  the  containing  vessel.  But  a  vapor  is  only 
the  minute  subdivision  of  a  substance — it  is  composed  of 
molecules,  and  these  of  atoms:  the  molecule  of  water  consists 
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of  atoms  of  oxygen  and  hydrogen;  that  of  brass,  atoms  of 
zinc  and  copper;  and  that  of  ether,  carbon,  oxygen,  hydro- 
gen, and  siili)hur.  The  atoms  are  the  elements  of  matter  that 
athnit  of  no  further  subdivision  or  simplification;  they  are 
probably  of  different  sizes  and  undoubtedly  of  different 
weights — the  dense  platinum  cannot  be  of  the  same  atomic 
weight  as  the  light  aluminum  or  still  lighter  hydrogen. 

Whether  wholly  free  from  other  atoms,  or  chemically 
bouml  to  one  or  several,  each  atom  has  its  own  proper  vibra- 
tion, differing  in  period  and  character  from  that  of  every  other 
atom. 

Between  atoms  chemicallv  combined  there  are  two  in- 
fluences— c:)ne,  vibration,  urging  them  apart,  the  other, 
attraction,  drawing  them  into  closer  union,  and  the  balance 
of  these  constitutes  the  stability  of  the  molecule.  Whatever 
destroys  this  balance,  decomposes  the  molecule  and  sets  its 
atoms  free  to  form  new  combinations — ^a  chemical  reaction. 
Suppose  a  tloovl  of  sunlight  to  stream  into  a  vaporous  mass: 
ii  is  not  a  simple  billow,  but  a  complex  host  of  waves  of 
\aiicvl  si/o  and  length  travelling  on.  commingled;  among 
ilu  lu  I  here  are  some  whv^se  periods  coincide  with  the  vibration 
ot  some  of  I  ho  atoms — they  fall  upon  such  atoms  as  timed 
un|Milsos  and  ovcntually  swing  them  free  from  their  partners. 

i  hic  v\in  oasi!\  iuuigine,  for  instance,  the  quick,  short 
waw's  luaiinjL:  upv^u  the  light  atoms  of  oxygen  and  hydrogen 
\\\  Mjlphuuv'  ciitci.  auvl  imparting  to  them  such  violent  motion 
\\\M  \\w\  pa^N  bowMul  t'no  limit  of  attraction  and  are  thus 
u  ni  rniuv'U   ti\MU  i!\o  :hmv\  sulp::iir  and  carbon. 

1 1  r.  Iikv*  a  N^Kvc-^^iv^n  v^t  tr.ovlerate  waves  sweeping  the 
x\y  V  K  ,«i  .\  *.lnp  ;ho\  vlv^  v.v'^t  ttiito::  vlisturb  the  hull  itself,  but 
•  \\\.\\\  niuK'N  \\\  \\w'\  k\kv<c  arc  oart^.ed  funher  and  further 
l«\   »  \y\\  \\.\\\'  \\\\\\\  {\\\s\\   tl*o\  arc  washed  overboard — ^and 

Ilu  nnlu-ltj  sKssl'^i;  i**o  \ a'vrv^its  mass  is  like  a  com- 
|Mi  M»   w  \\»   \A   .*»\tnv!  ilv^w'.ri;  tl'tw.i;>  an  assemblage  of  tun- 
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ing-forks — each  atom  picks  out  its  sympathetic  wave  just  as 
the  fork  does  its  own  musical  note.  And  this  accord  between 
ether-waves  and  atoms  results  in  absorption  of  wave-motion. 

The  same  is  true  of  Light,  and  indeed  it  forms  the  basis 
of  Spectrum  Analysis  which  thus  becomes  pre-eminently  an 
example  of  the  absorption  of  wave-motion.  Every  atom 
being  in  a  state  of  vibration,  the  result  is,  that  the  great  ocean 
of  ether  in  which  all  matter  is  embedded,  is  forever  surging 
with  waves  of  different  lengths:  the  period  of  vibration  is 
peculiar  to  the  kind  of  atom,  and  that  of  one  element  differs 
from  every  other — sodium  from  carbon,  silver  from  iron, 
nitrogen  from  chlorine.  Upon  the  period  of  vibration  de- 
pends the  wave-length,  and  upon  ihis  the  sensation  of  color 
it  produces,  so  that  each  kind  of  atom,  when  intensely  heated 
in  a  state  of  vapor,  sends  out  waves  of  one  or  more  definite 
lengths,  which  invariably  produce  the  single  color  or  group 
of  colors  prop.er  to  those  wave-lengths,  just  as  a  tuning-fork 
emits  a  definite  note,  or  one  with  its  harmonics. 

In  free  ether,  waves  of  ail  lengths  travel  with  the  same 
velocity,  but  on  entering  matter  they  are  variously  retarded. 
This  difference  in  retardation — in  reality,  refraction — affords 
a  means  of  separating  the  commingled  waves  hy  passing 
them  through  a  prism. 

Fig.  Ill  ilhistrates  the  apparatus  used  by  physicists  to 
perform  the  experiments  upon  which  the  foregoing  state- 
ments are  based:  A  and  A'  are  the  carbons  of  an  electric 
arc-light  placed  within  a  camera;  B  is  a  lamp  capable  of  giv- 
ing a  very  intense  flame;  E.  a  lens;  and  P.  a  prism.  First, 
conceive  everything  removed  except  the  camera  itself;  then 
the  light  issuing  from  its  aperture  L.  encountering  neither 
lamp,  lens,  nor  prism  in  its  path,  will  fall  directly  upon  a 
screen  at  V.  Place  a  bit  of  silver  in  the  hollow  of  the  lower 
carbon  and  draw  down  the  upper  one  until  ihe  current  spans 
ihem:  soon  the  silver  will  be  reduced  to  a  vapor  that  streams 
from  the  lower  to  the  upper  carbon  in  an  arc  that  forms  a 
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characteristic  bright  lines  of  the  potassium  vaporized  in  the 
fiame.  And  the  experiment  might  be  continued  with  ever)' 
elemenlary  substance  with  similar  results;  and  to  such  extent 
that  if  all  ibe  elements  were  vaporized  together  in  the  lamp, 
the  brilliant  spectrum  from  the  arc-light  would  be  furrowed 
by  an  infinity  of  black  lines,  and  these,  if  ibe  camera  were  re* 
moved  and  the  arc-light  spectrum  thereby  suppressed,  woulii 
flash  out  into  brilliant  colors — the  characteristic  indices  ot 
the  incandescent  vapors. 

The  deduction  is  inevitable:  the  aioms  of  vapor  in  the 
lamp  were  vibrating  in  certain  periods;  the  waves  of  ether 
sent  out  by  the  while-hot  carbons  were  of  every  possible 
length;  some  coincided  in  perioil  with  the  atoms  and  were 
absorbed  by  them,  just  as  the  pendulum  absorbs  the  timed 
impulses  given  it:  and  these  absorbed  waves  left  void  spaces 
which  appeared  as  black  lines  in  the  brilliant  spectrum  formed 
by  the  remaining  waves  from  the  carbons  which  passed  on 
without  interruption.  But  if  the  vapor  in  the  lamp  be  so  hot 
that  it  emits  more  intense  waves  than  it  absorbs  from  the 
carbon  source,  its  lines  on  the  spectrum  will  be  brighter  than 
the  region  of  color  in  which  they  fall;  if  the  emission  and 
absorption  are  equal,  no  change  will  be  apparent  in  the  spec- 
trum; while  it  is  only  when  the  vapor  emits  fewer  waves  than 
it  absorbs  that  the  black  lines  appear. 

The  spectrum  of  the  Sun  is  full  of  black  lines:  by  suc- 
cessively projecting  beside  it,  by  suitable  means,  the  sjiectra 
of  different  metals,  their  bright  lines  coincide  exactly  in  posi- 
tion with  certain  of  these  black  solar  lines.  As  it  has  just  been 
shown  that  colored  lines  can  be  produced  only  by  definite 
waves,  and  that  the  absence  of  these  waves  leave  black  spaces 
where  the  bright  lines  were,  hence  it  is  inferred  that  a  similar 
state  of  affairs  exists  in  the  Sun  as  with  the  arc-light  and  the 
vapor  in  the  lamp-flame. 

The  Sun  consists  of  a  white-hot  mass  within  a  rind  of 
vapor:   the  core  alone  would  give  a  brilliant  spectrum  with- 
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^  black  lines,  but  its  light  having  to  pass  through  the 
Bpor,  is  shorn  of  certain  waves — the  atoms  of  ihe  vapor  ab- 
orb  more  waves  than  they  emit — and  hence  the  black  lines 
)  every  solar  spectrnni;  on  the  other  hand,  the  surrounding 
Spec!,  free  from  the  core,  would  give  the  characteristic 
bright  lines  of  all  the  metaltic  vapors  that  form  it.  Thus  does 
the  material  of  not  only  the  Sun  but  of  th«  most  distant  stars 

I  become  known  by  means  of  their  specira;  and  the  under- 
lying principle  of  ihis  extensive  analysis  is  absorption  of  wave- 
ptotion — accord  between  atom  and  wave. 
I  The  foregoing  are  the  salient  features  of  spectrum  analy- 
Hs,  and  while  they  suffice  for  the  object  in  view,  namely,  to 
illustrate  the  absorption  of  wave-motion,  still  they  afford  but 
a  partial  view  of  the  subject;  it  is  not  so  simple  as  the  state- 
ments made  would  imply,  and,  to  present  it  more  definitely,  a 
few  of  the  complexities  must  now  be  mentioned. 

'  Nearly  twenty  years'  work  has  brought  perfect  harmony 
letween  laboratory,  solar,  and  stellar  phenomena.      It  has 
ived   beyond   all   question   that   not  only  are  both  fluted 
>ectra  and  line-spectra  visible  in  the  case  of  most  of  the  ele- 
Rients.  but  that  many  of  the  metallic  elements  have  at  least 
)  sets  of  lines  accompanying,  if  not  resulting  from,  the  ac- 
tion   of   widely    differing    temperatures.  .  .   .  The    different 
hemical  elements  behave  very  differently  in  regard  to  the 
kction  of  heat  and  electricity  upon  them  as  we  pass  from  the 
olid  to  the  liquid  and  vaporous  forms.  ...  In  the  cases  in 
Vrhich  heat-energy  can  go  so  far,  we  first  get  an  increase  in 
the  free  path  of  the  molecules,  and  ultimately  the  latter  are 
made  to  vibrate.     In  the  case  of  electricitv,  increase  of  free 
-path  is  scarcely  involved,  and   hence  we   may  have  effects 
Hilar  to  those  produced  by  high  temperature,  with  scarcely 
•rceptible  effects  of  heat  in  the  ordinary  sense.  .   .  .  We 
ow  know  that  many  elements  present  changes  at  several 
,■  differing  stages  of  heat.    The  line-spectra  of  elements 
See  sodium,  lithium,  and  others  may  be  obtained  by  the  heat 
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of  the  flame  of  a  spirit-lamp,  or  a  Bunsen's  burner.  This  tcm 
peratiire  has  no  efl^ect  upon  iron  and  similar  metals:  to  f 
any  spectral  indications  from  them,  a  higher  temperature — 
the  blow-pipe  flame — must  be  resorted  to.  We  get  in  this 
way  what  is  called  a  '  flame-spectrum,'  in  which  fliitings  and 
some  lines  are  seen.  In  order  to  obtain  the  complete  Une- 
speclra  of  some  of  the  less  volatile  metals,  like  iron  and  cop- 
per, we  are  driven  to  use  electrical  energy  and  employ  the 
voltaic  current  and  metallic  poles  which  are  so  strongly 
heated  by  the  passage  of  the  current  that  the  vapor  of  the 
metal  thus  experimented  on  is  produced  and  rendered  incan- 
descent. We  may  say  generally  that  no  amount  of  heat- 
energy  will  render  visible  the  spectra  of  gases.  These  are 
obtained  by  enclosing  the  gases  in  glass  tubes  and  illuminat- 
ing ihcm  by  means  of  an  electric  current:  the  ordinarv  voltaic 
current  used  in  laboratories  is  equally  inoperative.  We  must 
have  the  induced  current,  and  with  different  tensions,  dif- 
ferent spectra  are  prothiced.  Heat-energy,  which  does  give 
ws  line-spectra  in  some  cases  when  metals  are  concerned,  fails. 
us  in  the  case  of  permanent  gases  and  many  metals.  A  voltaic 
current  gives  us  spectra  when  metals  are  in  question,  but. 
like  heat-energy,  it  will  not  set  the  particles  of  the  perma- 
nent gases  vibrating.  But  when  both  metals  and  the  perma- 
nent gases  are  subjected  to  a  strong  induced  current-— that 
is,  a  current  of  high  tension  when  an  induction-coil  with 
Leyden  jars  and  an  air-break  are  employed,  we  gel  this  vi- 
bration: gases  now  become  luminous,  a  distinct  change  in 
the  spectra  of  the  metals  is  observed,  a  change  as  well  marked, 
or  perhaps  better  marked,  than  any  of  the  previous  lower 
temperature  changes.  \\'hen  the  tension  is  still  further  in- 
creased, ihe  differences  in  the  spectra  are  most  marked  in  the 
case  of  gases,  for  the  reason  that  being  enclosed  in  tubes, 
ihey  cannot  escape  from  the  action  of  the  current.  .  .  ,  The 
individuality  of  the  various  chemical  elements  comes  out  in  a 
remarkable  manner.    To  take  one  or  two  instances:    Hydro- 
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gen  gives  us  what  is  termed  a  structure-spectrum,  a  spectrum 
iuli  of  lines;  this  changes  to  a  series.  Oxygen  gives  us  series 
whicii  change  into  a  complicated  line-speclrum  in  which  no 
series  has  been  traced.  Nitrogen  gives  us  a  fluted  spectrum 
fthicli  changes  into  a  conipHcated  line-spectrum.  In  the  case 
of  magnesium,  iron,  and  calcium  the  changes  observed,  on 
passing  from  the  temperature  of  the  arc  to  that  of  the  spark 
have  been  minutely  observed.  In  each,  new  lines  are  added 
or  old  ones  are  intensified  at  the  higher  temperature.  Such 
lines  have  been  termed  enhanced  lines.  .  .  .  The  enhanced 
lines  are  very  few  in  number  as  compared  with  those  seen 
at  the  temperature  of  the  arc.  In  the  case  of  iron,  thousands 
are  reduced  to  tens.  If  we  include  the  non-metals,  more 
stages  of  temperature  are  required,  and  it  then  becomes  evi- 
lieiit  [hat  different  kinds  of  spectra  are  prodnced  at  the  same 
temperature  in  the  case  of  different  elements;  in  other  words, 
It  many  different  heat-levels  changes  occur,  always  in  one 
.rection  but  differing  widely  for  different  substances  at  the 
fewer  temperatures.  At  the  highest  temperatures — at  the 
I,  there  is  much  greater  constancy  in  the  phenomena  ob- 
,  if  we  disregard  the  question  of  series.  .  .  .  Pho- 
Taphs  of  the  enhanced  lines  have  been  obtained  by  the  use 
a  large  induclion-coil.  giving' a  40-inch  spark.  ,  ,  , 
"The  way  in  which  the  enhanced  lines  have  been  used, 
;S  follows:  Those  belonging  to  some  of  the  chief  metallic 
Itments  have  been  brought  together,  and  thus  form  what  I 
pve  termed  a  '  test-spectrum.'  This  has  been  treated  as  if  it 
e  the  spectrum  of  an  unknown  element  and  it  has  been 
•nipared  with  the  various  spectra  presented  by  the  Sun  and 

"  I  may  here  say  that  the  test-spectrum  turns  out  to  be 
pfMically  the  spectrum  of  the  chromosphere;  that  is,  the 
spectrum  of  the  hottest  part  of  the  Sun  that  we  can  get  at, 
anJihat  a  star  has  been  found  in  which  it  exists  almost  alone, 
nearly  all  the  lines  of  which  had  previously  been  regarded 
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iluce  absorption   spectra,  as  the  discontinuous  spectra   are 
called. 

All  this  body  of  evidence  required  a  recasting  of  the  con- 
ceptions of  elementary  substiinces.  The  original  idea — one 
spectrum  for  eacK  substance — pointed  to  a  distinct  individu- 
ality for  each  chemical  element;  hut  the  new  analysis  indi- 
cates nothing  less  than  an  assault  upon  this  position. 

I  have  nowhere  seen  an  explicit  statement  of  the  dissocia- 
tion doctrine,  but  if  I  infer  it  aright  from  stray  hints,  it  is  this: 
Ihit  there  is  only  one  primordial  substance ;  that  at  successive 
siages  of  coolness  particles  of  this  associate  to  form  the  vari- 
ous chemical  elements  we  now  consider  the  primaries  of  na- 
ture; and  that  when  heat  or  some  other  form  of  energy  is 
sppiied  to  a  complex  substance,  it  gradually  becomes  simpler 
—dissociation  of  the  particles  takes  place,  until  at  the  highest 
limit  of  the  energy  at  our  command,  the  simplicity  of  the  spec- 
Inim  attained  is  an  index  of  the  primitive  condition  of  matter. 
To  illustrate,  consider  a  compound  of  several  substances — 
sodium,  sulphur,  tin.  lead,  aluminium,  and  copper:  apply  heat 
lo  the  mass;  sodium  melts  first,  at  90°  C.  then  sulphur  at 
114',  next  tin  at  232°.  lead  follows  at  326°,  eventually  alu- 
,ininium  at  654°.  and  finally  copper  at  1081°;  vaporization  of 
follows  also  a  gradation  of  heat,  and  it  is  evident  that 
spectrum  of  the  compound  changes  as  the  gases  of  the 
ferent  elements  are  thrown  into  a  state  of  vibration,  or 
Jsthe  substance  becomes  less  complex — as  dissociation  pro- 
(Htsses. 

On  reversing  the  process — cooling — the  particles  recom- 
bine  in  differing  numbers  and  variety  of  structure  to  form 
the  original  elements  of  the  compound. 

The  nebular  theory  of  the  universe  is,  that  originally  all 
matter  was  evenly  diffused  throughout  space  in  small  par- 
ticles— as  vapory  masses  or  nubulae,  and  that  successive  ag- 
gregations of  this  formed  Sun,  stars,  and  planets. 

"  The  spectroscope  found  among  celestial  objects  some 
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which  were  truly  clouds  of  incandescent  gas:  .  .  .  these 
gaseous  clouds  were  of  the  simplest  composition;  hydrogen 
and  nitrogen  were  their  chief  constituents;  how,  then,  could 
a  world  like  ours  originate  from  them?  .  .  .  From  nebula  to 
planet  there  is  a  regular,  progressive  order  of  chemical  com- 
plexity. Tile  nebula?  are  simple;  in  the  hotter  stars  a  few 
more  elements  appear;  more  still  can  be  detected  in  colored 
stars  and  the  Sun;  but  the  planets,  represented  by  our  Earlh, 
are  most  complex  of  all. 

'■  So  far  the  facts;  the  scientific  imagination  now  comes 
into  play. 

■■  If  suns  and  planets  were  derived  by  a  process  of  con- 
densation from  such  nebula  as  exist  to-day,  perhaps  the 
process  of  evolution  was  attended  by  an  evolution  of  the 
chemical  elements  themselves.  Upon  that  supposition  ihe 
facts  become  intelligible:  without  it  the  evidence  is  not  easily 
coordinated.  This  hint,  together  with  the  suggestions  of- 
fered by  the  periodic  law,  has  made  chemists  more  ready  to 
consider  the  probable  unity  of  matter,  even  though  actual 
proof  for  or  against  the  conception  has  not  yet  been  attained. 
That  the  chemical  elements  are  absolute  and  final  few  think- 
ers of  lo-(ii\y  Iwlicve;  the  drift  of  opinion  is  mainly  in  oW 
(lircciidn,  but  no  dement  has  yet  been  decomposed  or  trans- 
nnilol  into  anolher."     (Prof.  F.  W.  Clarke.) 

60.  Absorption    of   electromagnetic  waves Substances 

linvc  the  power  of  selective  absorption  and  to  it  is  due  their 
ccilor.  A  brick  wall  or  mass  of  pitch  absorbs  all  light-waves. 
bill  iilTrr*  tin  obstacle  to  the  electric  ray;  while  a  sheet  of 
wiili-r  iriinKinils  light,  but  bars  the  passage  to  all  electric 
wiivc"!    iibnorliH  ihcni. 

The  didt'luiftfc  of  »  Leydcn  jar  is  a  surging  back  and  foft'' 
bclwcpii  llip  l«iinbii,  as  hns  been  experimentally  proved  by  ^^ 
iIili'lilK  llh'  (iTi|Mriicy  of  oscillation  within  the  limits  of  both 
Vllliill  niitl  Hiidlbilllv. 

A  Itiiy  jar  bnivilv  cliMrned  will  give  very  rapid  surgings; 
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t>ui  by  enlarging  the  jar  and  lengthening  the  circuit  the  oscil- 
lations become  slower:  by  this  means  they  have  been  slowed 
down  to  such  number  as  to  produce  a  musical  note,  and  while 
this  was  sounding,  a  mirror  suitably  revolved,  exhibited  the 
passing  sparks  as  a  serrated  band  of  light  just  like  that  af- 
lorded  by  a  singing  Hame.     Each  spark  causes  a  sudden 
thnist 'of  heat,  as  it  were,  into  the  air,  and,  being  periodic, 
there  is  a  consequent  rarefaction  and  compression — a  wave- 
motion  of  the  air — which  causes  the  musical  sound.     At  the 
same  time  the  surging  from  knob  to  knob  sends  out  waves 
into  the  ether — electromagnetic  waves — which  are  prone  to 
excite  movement  in  any  body  susceptible  to  their  action  and 
whose  period  ot  oscillation  corresponds  to  their  own. 

If  this  body  be  another  Leyden  jar  attuned  to  the  dis- 
charging one,  the  waves  falling  upon  it  (like  waves  of  air  from 
violin  upon  a  sympathetic  piano-wire)  will  excite  surgings 
ill  it  until  their  accumulated  force  bursts  forth  as  a  spark — 
the  visible  evidence  of  the  absorption  of  electric  waves.  If 
this  second  jar  be  thrown  out  ot  harmony  with  the  first,  by 
varying  its  size  or  the  length  of  the  circuit,  it  will  no  longer 
Rspond;  so  that  the  effect  is  wholly  due  to  accord  between 
jir  and  jar.  and  hence  necessarily  between  jar  and  wave,  and 
tiius  it  reduces,  as  in  the  case  of  heat,  light,  and  chemical 
Ktion,  to  absorption  of  wave-motion. 

Absorption  of  magnetic  waves. — Suppose  a  large  bar- 
magnet  to  be  suspended  hy  a  fine  wire  attached  to  its  center 
of  gravity,  and  provided  with  a  sliding  weight  for  counter- 
ing the  natural  dip  of  the  locality:  when  this  weight  is 
justed,  the  magnet  will  hang  so  quietly  that  the  unaided 
wil!  scarcely  perceive  its  small  motion.  Now  at  the  dis- 
lince  of  several  feet  hold  another  powerful  magnet  and  move 
■Itoand  fro  in  the  direction  of  the  suspended  one:  this  will 
I«gin  to  move,  and  by  harmonizing  the  motion  of  the  hand 
H'ilh  that  of  the  suspended  magnet,  the  latter  will  soon  ac- 
quire oscillatory  movement  over  a  large  arc. 


\ 
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he  current. 

r-waves  that  produce  light  and  heat  may  be  excited 
means:  an  intense  kerosene  flame  will  give  rise  to  the 
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Varied  experiment  has  established  the  following  facts: 
That  Hertz  waves  have  essentially  the  same  velocity  in  air 
as  along  wires,  it  being  in  all  cases  equal  to  the  velocity  of 
light;  that  throughout  the  region  pervaded  by  them  the  elec- 
iric  and  magnetic  forces  are  complementary,  that  is,  where 
one  is  a  maximum  the  other  is  a  minimum;  that  the  lines  of 
iKese  forces  are  at  right  angles  to  each  other,  the  electric 
component  being  parallel  to  the  axis  of  the  oscillator;  and 
that  the  indices  of  refraction  for  substances  opaque  to  light 
may  be  determined  by  Hertz  waves. 

In  the  apparatus  to  be  described,  the  "  spiral-spring  re- 
ceiver "  acts  the  part  of  a  colicrcr  in  wireless  telegraphy,  that 
is.  closes  the  circuit  when  the  Hertz  wave  sweeps  through 
il  and  thus  enables  the  voltaic  cell  to  perform  "the  principal 
part,  namely,  send  a  current  through  the  galvanometer. 

Plate  A  presents  a  view  of  the  apparatus  arranged  for  ex- 
periment with  several  articles  used  for  different  purposes: 
R  is  the  radiator;  7",  tapping-key;  S.  spectrometer  circle; 
■V.plane  mirror;  F, collecting-funnel  attached  to  spiral-spring 
receiver;  I,  tangent  screw  by  which  the  receiver  is  rotated; 
C.  galvanometer;  B,  circular  rheostat;  l',  voltaic  cell:  C, 
cylindrical  mirror;  .-i,  totally  reflecting  prism;  P.  semi-cylin- 
ders; and  A',  crystal  holder. 

Fig.  1 1 2  exhibits  the  radiator  R  of  Plate  A :  it  consists  of 
s  ball  il  and  two  beads  cc',  all  platinum;  the  beads  are  attached 
'0  jointed  stems  forming  the  electrodes  which  are  connected 
*ii!i  a  small  induction-coil  actuated  by  a  storage-cell.  The 
shortest  wave-length  produced  was  of  a  frequency  which  is 
about  thirteen  octaves  below  visible  radiation,  or  light.  The 
ser  consists  of  paraffined  paper  with  tin-foil  on  both 
wound  spirally:  this,  the  storage-cell,  induction-coil, 
Hi  an  interrupting  key  are  al!  enclosed  in  a  tin  box  placed 
a  copper  one.  Fig.  1 13.  The  two  metal  boxes  prevent 
radiation,  Pressing  the  interrupting  key  at  the  side 
luces  a  flash  between  the  beads  ce'  and  ball  b,  whence  elec- 
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ignetic  radiation  streams  forth  into  space  from  tlie  tuba  1 
ront  of  the  box. 


I. 


Fic.  to.  Fig.  113. 

Fig.  114  represents  the  Receiver  to  which  the  funnel  F 
Plate  A  is  attached:  as  already  stated,  it  is  on  the  coherer 
nciple — spiral  steel  springs  being  laid  side  by  side  in  a  nar- 
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groove  between  brass  pieces  in  connection  with  project- 
anetallic  rods  which  serve  as  electrodes, 
tTie  receiving  circuit,  then,  consists  of  this  spring  coherer 
i  with  a  voltaic  cell  and  a  dead-beat  galvanometer, 
tlectric  current  enters  by  the  upper  spiral  and  departs  by 
•  one,  having  to  traverse  the  intermediate  spirals 
f  the  numerous  points  of  contact.  The  resistance  of  the 
ying  circuit  is  thus  almost  entirely  concentrated  in  the 
(ive  contact  surface:  When  electric  radiation  is  absorbed 
lis  surface  (the  Hertz  wave  sweeping  through  it)  the  re- 
ice  is  reduced,  the  voltaic  current  acts  and  the  galvano- 
r  spot-of-light  is  violently  deflected;  by  variously  com- 
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For  circular  reflexion,  the  curved  mirror  C  is  substituted 
fcr  M,  and  placed  at  the  distance  of  its  radius  from  the 
park;  the  reflected  image  will  be  at  an  equal  dis- 
itance,  and  the  receiver  is  to  be  set  there;  when  it  responds,  it 
^ill  be  found  thai  the  index  bisects  the  angle  between  the 
directions  of  the  radiator  and  receiver. 

For  lolal  reftexion,  tiie  receiver  is  placed  opposite  the  radia- 
tor, and  the  prism  A  interposed  with  one  of  its  equal  faces  at 
ighl  angles  to  the  direction  of  radiation ;  the  receiver  remains 
'linaffecled  until  suitably  turned,  when  it  responds  to  the 
totally  reflected  ray. 

For  refraction,  an  isosceles  right-angled  prism  of  sulphur 
or  ebonite  is  used  with  a  parallel  beam  of  electrical  radiation; 
lo  cause  deviation  of  the  beam,  one  of  the  acute  angles  of  the 
prism  is  interposed  in  its  path. 

Opacity,  due  to  multiple  reflexion  and  refraction,  is 
analogous  to  the  like  effect  produced  by  powdered  glass  on 
light:  it  is  shown  by  filling  a  long  trough  with  irregular 
pieces  of  pitch  and  placing  it  between  the  radiator  and  re- 
ceiver; the  electric  ray  is  unable  to  pass  through  the  hetero- 
geneous media,  owing  to  the  multiplicity  of  reflexions  and 
fefraciions,  and  the  receiver  remains  unaffected;  but  by  re- 
storing partial  homogeneity  by  pouring  in  kerosene  which 
liss  abonl  the  same  refractive  index  as  pitch,  the  radiation 
's  easily  transmitted. 

The  indices  of  refraction  (electric)  for  various  substances 
opaque  to  light  are  determined  in  precisely  the  satue  way  that 
'hev  are  for  light. 

Interference  experiments  consisted  in  determining  wave- 
'^ngih  (electric)  by  means  of  gratings. 

For  f'ola&zation  and  double  refraction,  the  apparatus  of 
Plate  A  is  modified  and  arranged  as  shown  in  Fig.  115:  A 
IS  the  radiator;  E,  the  receiver  to  which  the  collecting-funnel 
^is  attached;  D,  a  vertical  graduated  disc  by  which  the  rota- 
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tion  is  measured;  K,  a  crystal  holder;  5,  a  p 
rock;  C,  a  crystal;  /,  a  jute  polarizer;  W 
polarizer.  The  cylindrical  lens  is  used  to  pr 
beam,  and  at  its  end  is  a  slot  into  which  to 
The  crystal  holder  K  is  fitted  at  the  end  of  t 
ing  the  lens,  and  is  capable  of  rotation  rouiid 
to  the  direction  of  the  ray.    The  receiver  i 


Fig.  115. 


rotation  round  a  horizontal  axis  by  m 
the  amount  being  indicated  on  the  « 
by  winding  fine  copper  wire  on  sqr 
with  parallel  slits  cut  in  them,  a  sul 
and  jute  are  all  alike  used  as  polariz 

The  analyzer  is  fitted  on  the  r 
positions:      first,   parallel,   both   p 
second,  crossed,  polarizer  horizoi 
the  first,  radiation  is  transmitted  ' 
the  galvanometer  responds — in  tl 
the  galvanometer  is  unaffected, 
dark. 

But  on  interposing  crystals 
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45**  to  the  horizon,  the  field  is  partly  restored  and  the  spot 
of  light  sweeps  across  the  scale:  many  crystals  produce  this 
effect  the  same  as  they  do  for  light;  tourmaline,  so  in  a 
marked  degree.  Vegetable  fibrous  substances  do  the  same 
^jute  in  particular. 


CHAPTER   V. 


FACTS  THAT  LINK   THE  VARIOUS    FORMS  OF  RADIAN" 
ENERGY  ONE  TO  ANOTHER— A  CHAIN  OF  MOTION.  ] 


Section  One :  Analogous  Effects  of  Waves  of  Air  and  Ether. 

64.  In   the   preceding   cliapter   the    phases   of   wave 
tion   described   constitute   the   great   arteries  that   pernieal 
alt  the  phenomena  alike:    but  there  are  lesser  veins, 
nion   to   two  or  three,   which   are   worthy  of   mention. 
cause  they   tend  to   weld   the   kinship  of  all   the   phases  j 
radiant  energy':    if  we  Can  tie  heat  to  light,  and  by  anotll 
bond  unite  this  to  electricity,  and  by  still  another  connect  tl 
latter  with  magnetism,  we  strengthen  the  evidence  in  favil 
of  electricity  and  magnetism  being  motions  of  the  ether, ; 
that  many  of  those  motions  are  purely  waves. 

When  a  wave  breaks  upon  a  rock,  it  does  not  pass  onl 
straight  lines,  leaving  smooth  water  behind  the  rock. 
bends  round  it  in  swirling  eddies;    when  a  house  stands  ( 
tween  us  and  a  source  of  sound,  we  can  still  hear  around  3 
corners:   and  when  a  beam  of  light  is  broken  by  a  screen,! 
is  not  divided  by  a  clear-cut  line,  but  there  are  umbra  i 
penumbra — graded  intensity  of  sound  as  well  as  deepeni 
shadow  tor  light:    (his  bending  of  waves  round  obstacles  j 
their  path  is  a  feature  common  to  all  wave-motion. 
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65,  The  approach  and  recession  of  sources  of  sound  and 

light  produce  analogous  effects. — The  piuh  of  a  nuisical  nolc 
iidefiendent  upon  the  number  ot  vibrations  of  its  source  per 
wcond,  and  this  indirectly  determines  the  length  of  the  wave 
thsi  prgduces  the  note.  As  a  train  approaches  a  station,  the 
wliislle  of  the  engine  becomes  more  shrill — as  it  passes  be- 
yond, more  grave:  in  the  former  case  the  frequency  is  greater 
and  the  waves  are  shortened,  as  they  fall  upon  the  ear  of  a 
Esienerat  the  station;  and  in  the  latter  the  frequency  is  less, 
ind  ihe  waves  are  lengthened. 

This  being  a  peculiarity  of  wave-motion,  a  similar  effect 
should  be  found  in  light;  for  color  is  to  light  what  ]>itch  is 
(0  sound — a  result  of  wave-length. 

!n  the  article  on  Spectrum  Analysis,  it  has  been  seen  tiuit 
the  chemical  elements  give  distinctive  spectra  at  specific 
Jiages  of  thermal  or  electrical  energy,  and  that  comparison  of 
tliese  spectra  with  those  of  the  Sun  and  stars,  has  established 
the  (act  that  the  heavenly  bodies  are  composed  of  the  same 
substances  as  the  Earth. 

Primarily,  the  vibrations  of  the  particles  of  a  sub.stancc 
mate  waves  in  the  ether,  which,  striking  the  eye,  cause  the 
sensation  of  light — color,  according  to  their  length,  and  in- 
ttnsily,  according  to  their  amplitude,  just  as  pitch  and  loud- 
ness of  sound  are  due  to  the  frequency  and  amplitude  of  air- 
waves: therefore,  like  the  change  of  pitch  from  the  whistle 
"f  Ibe  engine,  if  a  source  of  light  approaches  or  recedes 
"spidly  enough,  its  color  will  change  because  of  the  varia- 
'lon  in  the  frequency  or  length  of  the  waves  striking  the  eye 
a  second.  Glowing  sodium  vapor,  for  instance,  gives  a 
Wiani  yellow  band  at  a  certain  temperature,  due  to  its 
ilomtc  vibrations:  these  are  invariable,  but  if  the  glowing 
■'Oiass  be  moved  away  rapidly  enough,  the  waves  it  excites  in 
Uie  ether  would  be  lengthened  and  a  reddish  tint,  the  ana- 
logue of  a  graver  sound,  would  result;   if,  on  the  contrary, 
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it  were  brought  near,  the  waves  would  be  shortened,  giviDI 
a  greenish  hue,  as  the  whistle  gave  a  shriller  note. 

Now,  by  actual  comparison  of  the  blue-green  F  line  in  the 
spectrum  of  Sirius  with  the  blue-green  line  of  the  spectrum 
of  hydrogen  contained  in  a  tube,  the  former  was  found  to 
have  moved  toward  the  red  to  such  extent  as  to  indicate 
(when  the  necessary  calculations  were  made),  that  Sirius  was 
receding  from  the  Earth  about  thirty  miles  a  second. 

66.  Velocity  of  waves  in  air  and  ether,  and  analogy  in 
the  sensations  of  sound  and  light. — A  tuning-fork  ni  vibra- 
tion sends  out  waves  in  the  air  and  tlie  discharge  of  a  Leyden 
jar  does  the  same  in  the  ether;  and  however  varied  those  in 
either  medium  may  be,  all  waves  of  air  have  one  velocity— 
that  of  sound,  ami  all  of  ether,  another— that  of  light;  and 
if  the  waves  of  both  are  mingled,  as  when  musical  vibrations 
are  discharged  into  a  gas  flame,  the  latter  will  present  a  ser- 
rated appearance.  Fig.  1 16,  characteristic  of  the  notes  in  the 
combination — a  visible  exhibit  of  what  Fourier's  series  ex' 


presses  mathematically:   or,  again,  if  the  waves  do  not  pre 
duce  harmonious  strains,  but  are  full  of  "  beats  " — harsh  a 
rasping  to  the  ear,  the  light  wilt  be  equally  disagreeable  to 
the  eye  by  its  irregular  flickering. 

67.  Waves  of  air  and  ether  in  the  telephone  circuit.— 
A  telephone  circuit  affords  an  instance  of  electromagnetic 
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irising  from  the  action  of  waves  of  air:  a  thin  metal 
the  transmitter  moves  to  the  impulses  of  a  speaker's 
niles  away,  a  similar  plate  in  a  receiver  pours  into  the 
s  ear  those  same  impulses  with  such  exactness  that 
:  voice  is  recognized.  Every  one  knows  that  it  is  not 
f  air  that  fill  the  interval,  as  when  two  persons  speak 
other  a  few  feet  apart,  and  every  one  equally  well 
that  it  is  some  motion  along  the  connecting  wire^ 
3y  the  changfng  magnetic  field  at  each  end,  that  pro- 
le  effect:  the  iialtirc  of  that  motion  is  the  point  sought 
lade  clear — it  is  it'nz'f-motion ;  for  waves  of  air  go 
telephone  at  one  end  and  waves  of  air  come  out  of  it 
ther.  and  no  bridge  of  rtir-waves  spans  the  chasm — it 
)[  clhcr — electromagnetic  waves. 
k  glass  rod  when   rubbed   emits  a  musical  note^ 

a  steel  bar  when  violently  magnetized If  a  glass 

"ubbed,  it  is  thrown  into  vibration  which  gives  rise  to 
al  note,  Fig,   117,  and  if  the  friction  be  vigorous 


i 


,  the  vibrations  will  at  length  shatter  the  glass  into 
tections,  Fig.  118:   similariy,  if  a  steel  rod  be  sud- 


ucctions,  Fig.  iiS 
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it  were  brought  near,  the  waves  would  be  shortent; 
a  greenish  hue.  as  the  whistle  gave  a  shriller  note. 

Now,  by  actual  comparison  of  the  blue-green  /■ 
spectrum  of  Sirius  with  the  blue-green  line  of  tli< 
of  hydrogen  contained  in  a  tube,  the  former  «;■ 
have  moved  toward  the  red  to  such  extent  as 
(when  the  necessary  calculations  were  made),  ih.i 
receding  from  the  Earth  about  thirty  miles  a  &im 

66.  Velocity  of  waves  Id  air  and  ether^  aa 
the  sensations  of  sound  and  light. — A  tunint 
lion  sends  out  waves  in  the  air  and  the  dischart 
jar  does  the  same  in  the  ether;  and  however 
eilher  medium  may  be.  all  waves  of  air  hav* 
that  of  sound,  and  all  of  eiher,  another — i 
if  the  waves  of  both  are  mingled,  as  when 
are  discharged  into  a  gas  flame,  the  latter 
rated  appearance.  Fig,  iiO,  characteristic 
combination — a  visible  exhibit  of  what  f 
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ducc  harmonious  strains,  hir   >- 
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the  eye  by  iis  irregular  \\\<'... 
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I  ween 


ii^cirified, 

:nled  by  a 

U'd  tourma- 

•vcr,  still  like 

.  I  wo  poles. 

iriblished,  it  will 

■li  are  they  alike, 

L;et  each  other  and 

:  luost  all  conditions 

V  «1  near  a  coil  of  wire 

ilowing  round  a  spiral 

tl  in  its  axis  into  a  per- 

:ricity  exists  in  the  kinetic 

:m   a  kind   of  whirling  at- 

,ht  and  sound.— Throughout 

^  been  frequent  comparison  of 

it  was  the  striking  resemblance 

it  first  led  to  the  theory  that  light 

ledium,  as  sound  is  to  waves  of  air. 

-  are  facts  whose  existence  has  been 

Mtal  proof,  while  the  ether  and  its 

ith  hypothesis.     But  the  undulatory 

ly  phenomena  of  light,  and  connects 

a  harmonious  whole,  that  it  carries  to 

only  less  forcible  than  that  of  experi- 
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dcnly  and  powerfully  mag-netizcd. 
while  undergoing  the  process;    n. 
j^ive  a  musical  sound,  thercf*.>r 
thrown  into  vibration  to  cause  ' 
also,  the  magnetic  action  is  a  :«■ 
and  perhaps  if  it  could  be  m.i 
shiver  the  steel  into  visible  m 
was  rent  into  sonorous  discs. 
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r:;re  of  Substances. 

^cajices  on  waye-motioiL 

:narked  effect  upon  its 

^  ::.  electricity,  and  mag- 

:  of  air — in  precisely  the 

■;;  four  others — waves  of 

:o  illustrate  further  the 


Section  Two  :  Varied  Ties  betv 

69.  Heat    and    light 

ocjually  with  its  dazzling  li. 
from  a  copper  shell  filled  w 
brilliance    emanating    froi- 
polarization,  and  by  the  s:i: 
])lanc,   circular,   or   ellipr 
polycd.     Indeed  so  intin 
and  liijht — st^  nuich  like 
<uu'  into  the  lUher,  thni 
feasible  with  the  other: 
heat -rays  would  prodii-         "^ 
moreover,  if  mixed  in 
by  a  solution  of  iodine 

70.  Minor  relatioi 
magnetism. — The  tie 

by  the  fact  that  meta! 
number  that  denotes 
tiicity  is  almost  iden* 
behave  alike:    the  H- 
the  i^iher  \o  dilTerev: 
In  experiments 
KM'vK<sed,  thus  barrii. 


lat  is  of  uniform  texture 

.  point:    if  heated,  all  its 

:e  struck,  all  sound-waves 

::ie  effect  will  pass  onward 

:n  every  direction.    Com- 

\ood  is  not:  this  is  a  type  of 

:T:rtain  directions  called  axes 

'JS{>  it,  and  round  the  rings  of 


..^' 


1/ 


^,..>  varies  greatly  in  these  direc- 
>  .>>nductivity  of  sound  and  heat, 
.  iO»$:  the  axis  of  greatest  elastic- 

^  ;vA^  v.nu  of  its  natural  shape  by  any 

..  ..'»-    an  effort  of  the  molecules — 

'  'm:  this  plays  an  important  part 

^..^.iK^rion  is  shown  by  the  fact  that 

w  S.V'  II  three  metals — lead,  silver,  and 

^w.*^i  varies  accordingly,  being  twice 
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in  silver  as  in  lead,  and  twice  as  great  in  stee!  as  in 

CrystalUzatioa   the    prevailing   structural   form   of 
ces. — Most  substances  are  not  liapliazard  agglomera- 

matter,  but  structures  of  great  symmetry  and  design 

some  primary  form  called  a  crystal. 

se  are  of  varied  shape,  but  six  distinct  classes  have 

ade,  based  on  the  number  and  direction  of  the  axes 

verse  them. 

und  the  same  axes,  however,  a  great  variety  of  figures 

formed.     It  must  be  understood  that  there  are  no 
races  of  the  axes  of  a  crystal — they  are  imaginary  lines 
netry  which  describe  and  classify  the  body. 
I.  120  to  125  represent  the  six  primary  forms  of  crys- 
L  the  extent  to  which  the  architecture  of  nature  is  com- 


of  crystalline  forms  may  be  seen  in  any  museum  of 

history:    metals,  rocks,  and  precious  stones  in  end- 

imber  and  variety  will  there  be  found  so  built  up. 


ty  is  the  motive  of  their  formation — the  cement  that 
molecule  to  molecule  until  we  have  the  flashing  dia- 
or  the  everlasting  granite. 


•  T-aper  over  a  magnet,  anJ 

-:r:icle  joins  itself,  cntl-on. 

-::c(l  iilon^i^  a  line  of  force: 

■-•.:: ion  of  the  frosted  traccrv 

^.     :;e  meets  on  the  j)avemont 

-   .  also,  a  solution  of  ahini, 

■  ane  of  glass,  will  leave,  on 

.:iiliar    crystalline    striiciiire 

■     -^  within  the  range  of  their 

.-  >;iown.  the  dark  lines  re}»re- 

■•'ci])al  directions  of  o])en  aiiii 

••  1  alonir  it — so  mmierous  crv>- 

"<  of  dilTering  density.     Tho>e 

■'0  direction,  and  of  a  dilYeren: 

-   •■.  right  angles  thereto,  arc  saiJ 

j.\ial.  and  such  is  Iceland  <\k\x\ 

.\  .^  axes  of  imiform  density,  with 

.■^  at   right   angles  to   them,  are 

i^  density  of   substances   on  wave- 

.'.\el  faster  in  the  dense  direct ii-n^ 

,'   molecules  are   more   separatotl: 

.vH*.  find  the  path  of  density  a  lino 

'  'icr — the  gaj)s  are  smaller  anil  ilie 

.>-.ic  molecules  j>ass  on 'the  motion 

••ore  facililv. 

•-sinuth,  which  conducts  both  hca: 

■.■\'l  to  it>  jvancs  of  cleavage  :ha:i 

,'s  hcing  more  intimately  ccMinectCti 

::icr  directi(Mi. 

..  Ik-  <ul»iec:ed  t(^  strain  or  pressure. 

^  i\i'  motion  equally  well  in  all  direc- 

•  vl  it  exactly  like  a  body  of  variable 
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density;  and  a  return  of  the  glass  to  its  uniform  condition, 
brings  back  its  former  action  on  wave-motion:  this  brings 
out  the  fact  that  it  is  the  difterence  of  density  of  a  substance 
in  different  directions  that  facihlates  or  retards  the  waves, 
and  also  that  the  action  is  primarily  molecular,  for  greater  or 
less  density  means  3  more  or  less  close  grouping  of  the  atoms 
of  a  substance. 

75.  Distinctive  colored  figures  produced  by  crystals  and 
polaiized  light — The  matter  just  treated,  leads  to  a  similar- 
ity between  some  phenomena  of  polarized  light  and  magnet- 
ism and  electricity,  that  will  now  be  dealt  with.  Consider 
Fig.  126:  S  is  a  beam  of  natural  sunlight  that  enters  a  Nicol 
prism  P,  is  there  polarized,  and  emerges  at  F  with  oscilla- 
tions in  the  vertical  plane  only;  these  are  converted  by  the 
lens  L  into  a  conical  beam  H  which  falls  from  the  crystal  C; 
passing  through  tins,  it  proceeds  onward  as  another  conical 
beam  K  symmetrical  with  H,  and  enters  the  N'icol  prism  A, 
to  finally  reach  the  eye  at  £.  The  kind  of  crystal  at  C  deter- 
mines the  effect  that  will  be  perceived  by  the  eye:  if  it  is  a 
uniaxial  crystal  cut  perpendicular  to  the  optic  axis,  an  image 
like  that  at  R  will  be  seen— <:oncen trie  rings  of  rainbow  hues 
broken  by  a  dark  cross;  if  it  is  a  biaxial  crystal  cut  perpen- 
dicular to  a  line  bisecting  the  angle  formed  by  the  axes,  as 
in  Fig.  128.  the  image  at  0  will  be  seen — a  series  of  variegated 
circles,  ovals,  and  other  curves  aboiu  the  fmis  of  the  axes, 
and  broken  as  before  by  a  black  cross.  To  understand  these 
effects,  suppose  the  crystal  to  be  Iceland  spar  of  which  Fig. 
127  is  a  verticaJ  section:  it  is  double  refracting,  as  previously 
explained;  a  ray  mn  passing  through  it  in  the  direction  of  the 
optic  axis.  vzi.\  will  not  be  divided,  but  every  other  ray  of  the 
conical  beam,  such  as  0,  s,  etc.,  entering  obliquely  to  the  axis 
will  sufTer  double  refraction, and  hco  rays/J'  andrr'will  emerge 
for  every  one  that  enters;  they  will  be  polarized  in  planes  at 
right  angles  to  each  other.  As  this  has  been  produced  by 
difference  of  density  of  the  prism  in  two  directions,  one  series 
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■of  oscillations  will  be  retarded  over  the  other — they  will  be 
out  of  step— have  a  difference  of  phase  whose  amount  will 
depend  on  the  thickness  xz  of  the  prism.    The  optical  axes 


of  the  two  Nicols  P  and  A  being  at  right  angles  to  each 
other,  it  is  evident  that  as  no  horizontal  rays  emerge  from  the 
polarizer  P,  and  no  vertical  rays  can  pass  through  the  analyzer 


•n ■ ^-^C,~ ■  ■  ■  "■ — " 

c     -  ^^""~- 


Fig.  137- 
At  there  will  be  no  light  to  reach  the  eye  in  these  two  direc- 
tions, which  accounts  for  the  black  cross  in  the  image.    But 
all  the  other  rays  around  the  conical  beam  K  entering  A  will 


Fig.  i%%. 
have  their  oscillations  resolved  into  the  horizontal  and  verti- 
cal directions  as  explained  in  a  former  article;   the  vertical 
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will  be  stopped  by  the  position  of  A,  but  the  horizontal  will 
go  through;  being  different  in  phase,  however,  they  will  in- 
terfere, and  produce  the  colored  rings  of  the  image.  And  the 
image  at  0  is  produced  in  like  manner  by  a  nitre  crystal. 
These  effects  are  the  re.sull  of  polarized  light  alone,  and  not 
in  any  case  of  ordinary  light.  Tlie  coloring  of  the  image 
is  due  to  the  crystalline  nature  of  the  plate  at  C,  which  de- 
composes the  light  as  any  prism  would. 

But  that  this  image  is  composed  of  curves  which  differ 
with  the  crystal  used  i.s  the  fact  that  attention  is  directed  to; 
with  Iceland  spar  circles  appear — with  a  plate  of  nitre,  ovals, 
lemniscata  and  other  forms:  therefore  the  structure  of  the 
Iceland  spar  must  differ  from  that  of  nitre,  and  moreover, 
that  there  are  any  curves  at  all,  is  due  to  a  definite  structure 
of  the  crystal  as  distinguished  from  a  plate  of  indiscriminate 
aggregation.  This  can  be  demonstrated:  substitute  for  the 
crystal  at  C,  Fig.  126,  a  pane  of  conimon  glass — a  structure- 
less body:  it  causes  no  double  refraction,  so  that  the  verti- 
cally polarized  beam  H  emerges  from  it  just  as  it  entered,  but 
is  stopped  by  .-i  whose  axis  is  horizontal;  no  image  will  be 
seen;  but  now  spread  a  solution  of  nitre  on  the  same  glass, 
and  when  it  has  evaporated,  leaving  the  crystalline  structure 
of  the  nitre  spread  over  the  pane,  place  it  at  C.  and  immedi- 
ately the  same  image  will  be  seen  that  a  plate  of  nitre  itself 
would  produce. 

That  a  crystalline  structure  of  definite  form,  acting  upon 
waves  of  ether,  throws  them  into  a  series  of  regular  contours, 
and  that  the  variegated  hues  of  these  can  be  deduced  as  a 
consequence  of  the  undulatory  theory  of  light — this  is  the 
central  fad  10  he  kept  in  view. 

76.  Identity  of  the  figures  produced  by  crystals  on 
polarized  light  with  the  equipotential  lines  surrounding 
electric  and  magnetic  foci. — If  ;i  sheet  of  paper  lie  laid  on 
the  pole  of  a  magnet  set  upright  on  a  table,  and  iron  filings 
be  strewn  on  it,  ihey  will  form  filaments  radiating  from  the 
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pole,  as  in  Fig.  129:  lliey  delineate  the  magnetic  field,  whose 
intensity  diminishes  at  a  imiform  rate  from  the  pole:  a  series 
of  circles,  therefore,  will  represent  the  equipotential  lines  of 
this  field.  Contrast  it  with  the  optica!  effect  at  R,  Fig.  \2b, 
and  it  will  be  seen  that  the  resemblance  is  most  striking. 


Flo.  ijg.  Fic.  130. 


I 


Again:  let  the  sheet  of  paper  be  placed  upon  the  like  poles  of 
two  vertical  magnets,  as  in  Fig.  130.  and  spread  the  iron  fil- 
ings as  before.  The  filaments  will  again  be  built  up  radially 
from  each  center,  except  in  the  space  between  the  poles, 
where,  being  of  like  natnre.  ihey  clash  and  try  to  force  eadi 
other  out  of  the  field.  The  equipotential  hnes  of  this  field  arc 
precisely  the  ovals,  lemniscata,  and  other  curves  of  the  optical 
effect. 

In  every  case,  the  curves  of  the  optical  effect  are  due  to 
iiiterfcraice  of  the  ether-waves;  but  it  Is  not  hence  to  be  un- 
derstood that  the  curves  of  the  magnetic  field  result  in  the 
same  w^ay;  ibey  are  merely  the  boundaries  of  equal  potential 
surfaces,  arbitrarily  drawn,  closely  or  far  apart,  as  desired: 
the  magnetic  field  is  like  a  uniformly  sloping  lawn — the  opti- 
cal effect  like  a  terraced  declivity. 

Before  strewing  the  iron  filings  on  the  paper,  nothing  was 
seen — nothing  fell — that  distinguished  the  space  around  the 
poles  from  remote  regions;  but  once  that  the  iron  particles 
showered  down  upon  the  paper,  they  were  seized  with  avidity 
and  forced  into  a  visible  and  tangible  structure  of  great  regu- 
larity and  strength:  remove  the  magnets  and  in  a  flash  this 
structure  crumbles  like  a  toy-house. 

Now  the  magnet  never  touched  the  filings — a  partition  of 
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paper  intervened — and  yet  it  must  have  spread  among  those 
filings  some  powerful  influence  that  wrought  them  into 
shapes  whose  contours  were  exactly  those  of  the  figures  pro- 
duced by  crystals  upon  polarized  light. 

That  the  curves  of  Fig.  130  are  characteristic  of  any  two 
centers  of  force  is  further  ilhisirated  by  terrestrial  magnet- 
ism. Observe  Chart  I:  it  represents  two  views  of  the  globe 
with  equipotential  lines  of  total  magnetic  intensity;  around 
each  pole  or  center  is  the  figure  of  8  with  its  exterior  curves — 
irregular  and  long  drawn  out,  to  indicate  prevailing  condi- 
tions, but  still  distinctly  the  characteristic  curves.  Or,  again, 
notice  Chart  IV — a  Mercator's  projection,  on  which  is  por- 
trayed the  horizontal  component  of  the  total  force  shown  on 
Chart  I:  an  egg-shaped  form  covers  the  region  south  of 
Mexico,  and  its  corresponding  oval  spreads  over  the  sea 
north  of  .Australia;  embracing  these  two  areas  of  greatest 
intensity  are  lemniscata  and  other  curves  of  much  regularity, 
and  this  is  the  aspect,  whether  our  view  extends  from  the 
small  oval  eastward  over  the  Atlantic  and  the  continents  of 
Europe.  Asia,  and  Africa,  or  westward  across  the  broad  ex- 
panse of  the  Pacific. 

Taking  in  at  a  glance  the  former  view,  so  great  is  the 
resemblance  of  its  curves  to  the  figures  upon  the  plane  cut- 
ting the  biaxial  crystal  of  Fig.  128,  that  one  might  imagine 
the  Earth  a  huge  crystal  of  !ike  kind  whose  axes  protruded 
through  the  crust  at  Mexico  and  Borneo,  and  the  bisecting 
line  of  their  angle,  reached  the  surface  in  mid-Atlantic  at 
the  apex  of  the  lemniscata.  These  curves  receive  further 
illustration  in  Gauss'  theory  of  terrestrial  magnetism,  of 
ghich  a  summary  will  be  found  in  a  later  chapter. 
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Section  Four :   Ether  Waves. 

77.  The  ether  alive  with  undulations,  ai 

— Facts  have  been  adduced  to  show  that 
theory  is  applicable,  not  only  to  light,  but  a 
tricity,  magnetism,  and  chemical  action; 
ether  is  full  of  undulations  of  every  variety 
is  agitated  by  an  iniinity  of  waves;    and  al 
produce  diflferent  sounds,  so  do  the  former  i 
The  wave  of  air  has  an  origin  and  a  goa 
ear,  it  simply  travels  on  as  wave-motion 
sound:   so,  the  ether-undulation  produces 
it  falls  upon  matter,  and  the  nature  of  this 
greatly  the  character  of  the  effect — one  be 
other,  decomposed;   a  third,  electrified  c 
the  eye  is  excited  to  light.    It  is  because  < 
predominates  from  certain  classes  of  w 
been  divided  into  the  thermal,  luminou 
the  spectrum:   the  correct  view,  howe 
not  waves  that  produce  heat  alone,  or 
cal  action  only,  or  electromagnetic  e 
nearly  all  ether-waves,  under  suitable  < 
ferent  effects,  yet  that  some  produce  o 
than  another  that  it  becomes  a  charac 
sense  we  may  justly  speak  of  heat-w 
waves,  and  electromagnetic  waves- 
of  designating  them  by  their  salien: 

78.  The  " continuous''  current 
— ^The  electric  current  is  a  true 
many  small  impulses  taken  off  b> 
revolving  armature  of  the  dynam 
same  direction  along  the  circuit. 
131  to  137.    In  Fig.  131,  N  and 
ether  between  them  is  represer 
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wr  of  small  impulses  or  waves  following  each  other  in  quick 
pilic  cession. 

A  telephone  in  the  circuit  will  sound  at  each  fluctuation, 
lid  thus  disclose  their  number. 

79.  Antecedent  causes  of  the  manifestations  called  elec- 
tric eiDd  m^netic. — Experiment  shows  that  some  of  the  ele- 
nieiilary  substances  that  have  strong  affinity  for  each  other  at 
ordinary  temperatures,  gradually  lose  it  when  the  tempera- 

Fture  is  lowered,  and  that  at  the  extreme  degrees  of  cold  that 
can  now  be  artificially  produced,  these  elements  become  prac- 
tically inert  toward  each  other:  if  this  inference  be  carried 
to  the  limit  of  absohile  zero,  where  the  elements  have  no 
heat  whatever,  no  chemical  combination  could  then  take 
place.  On  this  basis,  heat  is  essential  to  chemical  action. 
Now.  heat  and  motion  are  mutually  convertible,  and  so  com- 
pletely, that  the  exact  equivalent  of  one  in  terms  of  the  other 
is  well  known— so  much  mechanical  work  will  protiuce  a 
definite  change  of  temperature,  and  the  converse.  Chemical 
action  gives  rise  to  electricity,  and  this  produces  heat  or 
light;  electricity  excites  the  magnetic  condition  in  a  steel  bar, 
and  the  movement  of  this  bar  "generates  a  current  in  a  wire, 
which  in  turn  decomposes  water— a  chemical  reaction,  in- 
volving the  existence  of  heat — that  is,  motion,  and  so,  in 
whatever  order  the  several  phenomena  be  taken,  they  con- 
stitute a  cycle  returning  into  themseives,  with  motion  for  a 
beginning  and  motion  for  an  end. 

It  will  now  be  opportune  to  describe  how  it  is  that  ante- 
cedent motion  of  different  kinds  produces  electricity;  that, 
in  fact,  the  ordinary  mechanical  movements  with  which  every 
one  is  familiar,  as  well  as  the  wholly  veiled  ones  of  heat,  light, 
and  chemistry,  are  transformed  into  another  motion  that  is 
electric  and  magnetic  in  its  effects. 

All  matter  is  reducible  to  about  seventy  different  kinds, 
and  the  atoms  of  these  are  variously  in  motion — translatory, 
rotary,  oscillatory,  and  vibratory.    These  atomic  motions  arc 
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taturs  C  and  C  are 
impulses  ill  tlic  sal 


ai  example  of  oscilla- 
vrithout  n 
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Sglit  3nc[  left   Sudi 

nog  and  expends  its 

reach  tbe  ear:  soi- 

tbc  bell  white  uttO' . 

I  be  violently  thniit 
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m  «fposite  vibrations  n- 
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of  ianiastic  fign«* 


ETHER-WAVES. 


H5 


8  of  it  superposed — all  sending  out  waves  into  the  ether, 
pre  than  this,  the  eternal  jar  and  clash  of  atoms  among 
mseives  are  so  many  spurs  to  their  elasticity,  changing 
jt  vibratory  amplitude  ant]  hence  also  the  resulting  waves, 
h|s  the  condition  of  matter  on  the  Earth — ever  emil- 
iWaves  of  one  length  or  another;  but  as  many  ter- 
stances  have  been  shown  by  Spectrum  Analysis 

1  the  Sun,  it  is  from  that  source  that  ether-waves 

Bt^fcry  kind — thermal,  luminous,  actinic,  and  electromag- 

-Come  in  the  greatest  abimdance. 
pA  few  specific  cases  of  the  production  of  electricity  will 
'»  be  described. 

k-Any  two  substances  whatever,  brought  into  contact,  will 
tndowed  with  opposite  electrical  conditions  capable  of  sef- 
fe  up  a  current  whose  strength  depends  on  the  nature  of  the 
Stances  as  well  as  on  their  difference  of  temperatures.  This 
Kustrated  in  Fig.  138.  where  a  bar  of  antimony,  mn,  bent 


ioth  ends,  is  laid  upon  one  of  bismuth,  op\  a  magnetic 
Wie  is  pivoted  in  the  space  between  them;  both  contact- 
Is  being  of  the  same  temperature,  no  current  will  be  ex- 
t,  and  the  needle  will  rest  in  the  magnetic  meridian;  but 
"Seat  he  apph'ed  at  one  end,  a  current  arises  which  deflects 
fhe  needle.  If.  instead  of  heating  the  juncture,  it  be  cooled 
ijf  cotton  moistened  with  ether,  the  current  will  be  in  the 
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restricted  to  verj-  narrow  limits  in  the  solid 
less  so  in  the  liquid,  and  enjoy  tlieir  greatest- 
gaseous.    Of  translation  and  rotation  noih 
the  name  defines  each. 

A  pendulum  swinging  to  and  fro  is  ;i)i  i 
tory  motion — the  body  moves  as  a  wliolu  v 
changing  its  form. 

A  true  vibratory  movement  implies  :- 
the  body.    Such  is  the  motion  of  a  tuniriL 
— straight  when  at  rest — curve  to  the  i 
also  is  that  of  a  bell  that  has  ceased  m 
energy  in  those  deep  muffled  tones  tii;i 
pend  a  cork  by  a  string  and  bring  it  nea 
ing  its  expiring  notes,  and  in  places  it  ' 
off — these  are  the  loops,  the  moving 
other  places  the  cork  will  remain  i|in\'i 
these  are  the  nodes  where  conili^r  i 
suits  in  immobility.    A  square  mn  i 
the  vibratory  motion:  if  evenly  -.]'!■ 
a  violin-bow  be  quickly  drawn   <i. 
thrown  into  vibration — the  s^md 
gathers  along  the  nodes  forming 
that  vary  with  the  rate  of  vibratic 

It  is  vibratory  motion  somev 
plate,  or  fork  that  agitates  the  a 
and  sends  out  into  the  ether,  w 
the  impress  of  its  origin;  for,  s 
differ  from  another  in  weight 
do  their  vibrations  and  the  re 
forks  alike  in  size  and  form,  t 
steel,  and  aluminum,  for  ea 
vibration,  so  do  the  element 
and  platinum:   and  also,  a; 
fundamental  note,  but  also 
atom  besides  its  single  chai 
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■  ■;  ]>;iniclcs  into  contact;  it  pro- 
.1  iiictit  in  tlic  molecules  and  from 
■  -I'"!  secondarily  electricity  as  in  the 
■ii<l  itntiniony  just  described.  And 
"iioii  was  the  variable  factor — first 
■til  libnilory  in  the  molecule  as  heat, 
■Mlii-r  of  the  conductors  as  electricity, 
viiiiiical  with  that  from  any  other 

II-  (.'lectricity  has  its  origin  in  the  visi- 

;-,-  disc — a  mechanical  molioit;   in  the 

;intimony,  its  source  is  the  hidden 

I  the  atoms — heat;  and  in  the  voltaic 


Fig,  139. 

.  wholly  veiled  process  of  molecular  forma- 
iiiction.  This  cell,  Fig.  139  and  140,  con- 
iiiilar  metals  immersed  in  acidulated  water; 
be  zinc  and  copper, 

riliination  is  the  result  of  strong  aflinity  be- 
"ms,  and  covers  a  range  of  widely  differing 
■:ydizes  slowly  in  the  air  and  the  action  is 
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■'  c  :.■  :>.o  senses;  quicklime  and  water  rush 
.  '  .1  ■  ■  w  and  we  hear  the  sizzle  and  feel  the 


,„,<  -.-.-rrrfx 


KATHODE 


.  V 


Fig.  140. 

.  *c  ^!e:onation  of  gunpowder  is  so  violent 

.'x'  eve  and  shock  to  the  nen-es — vet  all 

\Mo:ions.      Heat  or  light   results  froiti 

\  -.  ,i'\!  li^ht  are  due  to  motion — waves  i'^ 

\   s',:bstances  present  in  the  voltaic  cell? 
\    c  N-.'o!!^  attraction  for  each  other:  raised 
,/  •.  'i!-o  will'hurn  in  oxv<ren  as  coal  do^^ 
•^.:-.  .i<  that  does;    but  brought  quietly 
^  X.-  •.','  \\\  i\\c  volraic  cell,  the  zinc  merely 
\   v'\v^'vc^!  ci'.ero^y  becomes  known  only 
.    \      .1  o'.v  rcii:  w!ien  an  exterior  circuit 
.     v        "  -.'c.  co!!  i:>e!f  when  no  outer  wir^ 


•   '.'C 


•v    \-.^C'^:   .^v.-v:::v:  o:  zinc  in  oxygen  w'^ 

V .    .  v^t  ■.'\*  >\  A  0   ::r.>ina:iou  of  zinc  an«^* 

.*v-   I  N.>  :'..-.\,-  :c.r. — ^^r  electricity:   heat  i^ 

.  -v    ".^  •^■*      v\-.:'.   i:  >o  doubted  that  th^" 

v"    v-'v'-.M*.    re,ic:ioti — electricit>' - 

.   '  ^     *^       ^    ■' -■.•■.•^'-:-  -.provision  of  a  wir^ 

.v.  v^-::!o:ion  in  the  eihel' 
"v  "AC  ::ave  tiieinsepar^ 


•  k     »  • 


\     V 
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'  ^:::er  wi:h  violence 
:■  /-:  :l:e  shock,  and 
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tliese  vilirations  will  excite  undulations  in  the  fluid:  do  not 
ilie  shock  of  atoms  in  chemical  embrace,  since  they  too  are 
elastic,  set  up  equally  in  the  surrounding  ether  those  waves 
that  produce  heat  or  light  or  electricity  according  to  circum- 
stances? 

The  electric  current  in  the  wire  will  perform  a  variety  of 
things  which  are  in  fact  our  only  means  of  knowing  its  ex- 
istence: if  led  into  a  motor  it  will  run  a  street-car;  passing. 
between  carbon  points,  it  affords  the  luminous  arc-light;  it 
heats  a  platinum  wire  to  redness;  decomposes  water  into  its 
elementary  atoms;  causes  a  vacuum-tube  to  glow  with 
auroral  beams;  darts  as  a  lightning  flash  several  feet  by 
■"Cans  of  the  induction-coil;  magnetizes  a  steel  rod  into  a 
^<*nipass- needle,  and  if  this  be  pivoted  as  in  a  galvanometer, 
the  electric  flow  around  it  will  deflect  the  needle,  thus  form- 

'"g"  an  exact  means  of  measuring  the  strength  of  the  current 

itself. 

So.  Mathematical  treatment  of  physical  phenomeoa  and 
predictions.  —  Light,  like  heat,  electricity,  magnetism, 
^'**"-l  olhcr  natural  phenomena,  has  been  treated  malhemati- 
■■■ly,  and  analysis  has  followed  the  undulatory  theory  into 
most  intricate  and  hidden  recesses  that  ether-waves  pene- 
"^^te,  The  form  of  these  waves  and  the  modifications  they 
^'''^er  in  highly  complex  crystalline  structures  have  been  ex- 
""•^tned;  and  a  reasonable  explanation  given  not  only  of  the 
'*'*"*""»ple  facts  of  daily  observation,  but  also  of  the  entangled 
l"^^nomena  that  lie  deep  down  in  the  very  groundwork  of 
"^t-iire  where  only  the  most  arduous  delve. 

In  pursuing  the  mathematical  vein  of  the  theory,  some 
P'^>sical  aspects- have  been  discovered  that  had  never  been 
*^^ii.  but  which,  when  put  to  the  test  of  experiment,  were 
^^3dily  verified:  this  gives  great  stability  to  the  theory,  for 
"^^  predict  phenomena  upon  its  principles,  is  to  pay  the  high- 
est tribute  to  its  accuracy.  The  most  notable  instance  of  this 
Wnd  is  that  of  double-refracting  crystals — a  prediction  that  at 


Its 


Ih, 
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certain  points  the  ray  was  divided,  not  into  tivo  but  into  many 
parts,  forming  a  luminous  cone  instead  of  two  images.  Upon 
cutting  a  crystal  of  arragonite  in  the  manner  required  by 
theory,  the  cone  of  light  appeared  as  stated  by  the  mathe- 
matician. 

The  facts  of  Diffraction  afford  another  solid  bulwark  of 
the  undulatory  theory:  not  only  are  all  such  phenomena  sat- 
isfactorily explained  by  it,  but  their  variety  of  figure — dark 
and  luminous,  form  and  location — have  been  exactly  calcu- 
lated and  subsequently  verified  by  experiment. 

When  a  little  disc  is  placed  in  a  pencil  of  light  entering 
a  darkened  room,  the  natural  inference  is  that  it  will  cast  a 
shadow  on  a  screen  at  any  distance:  but  mathematical  form- 
ul;e  showed  that  at  cenain  distances  of  the  disc  from  the 
screen  the  spot  wouM  not  be  black,  but  bnght,  and  upon  plac- 
ing the  disc  at  the  required  distance,  the  spot  u'as  found  to 
be  bright. 

With  faith  in  the  Undulatory  Theory  of  Light,  one  treads 
with  greater  confidence  the  maze  of  thermal,  chemical,  eleo- 
Irical,  and  magnetic  phenomena,  for  they  are  all  linked  to- 
gether— undulations  of  the  same  medium  upon  whicii  the 
particular  undulations  called  luminous  have  literally  let  in  the  J 
light. 


CHAPTER   Vr. 

GENERAL    VIEW   OF    ELECTRICAL  AND    MAGNETICAL 
PHENOMENA. 

tjoa  One:    Magnetism  Universal  in  the   Solid,   Liquid,  and 
Gaseous  States  of  Matter. 

Jl.  Electricity  is  treated  jointly  with  magnetism,  because 

1  generally  appear  together;  wherever  the  former  is  in 
'tolion.  the  latter  is  also  present,  and  therefore  it  becomes 
■oper  to  treat  them  equally  as  disturbers  of  the  peace  of  the 

upass. 

Just  as  all  bodies  possess  heat  to  some  extent,  so  they 
liave  the  electromagnetic  condition  in  different  degrees: 
warm  and  cool  streams  flow  through  the  general  mass  of  air 
atid  water,  because  of  difference  of  temperature  and  pres- 
sure; and  electromagnetic  currents  permeate  the  Earth  and 
3irfor  a  like  reason — high  and  low  potential. 

Although  it  is  only  in  a  few  metals  that  magnetism  devel- 
ops such  strength  as  to  be  a  dangerous  menace  to  the  Com- 
pass, still  it  will  conduce  to  a  better  view  of  it  to  describe 
uriefiy  the  experimental  means  by  which  its  universal  preva- 
lenc«  has  been  established.  Fig.  141  represents  a  powerful 
*'ectromagnet  with  a  glass  cover  above  its  poles  to  protect 
'"^  little  bar  f>.  suspended  by  a  silken  fibre,  from  disturbing 
'Currents  of  air.  The  direction  AB  from  pole  to  pole  is  called 
"^ial."  and  a  line  at  right  angles  to  this  between  the  poles 
'*  ^lled  "  equatorial." 

When  the  magnet  is  inactive,  the  little  bar  b,  no  matter 
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of  what  substance  made,  will  tie  in  any  direction  indifferently; 
but  once  it  is  alive  with  current,  little  bars  of  different  sub- 
stances will  take  one  of  the  two  directions — axial  or  equa- 
torial: there  is  no  indecision  about  rlieir  movement;  iron  will 
as  quickly  turn  axially  as  bismuth  equatorially,  and  if  eilher 
be  drawn  out  of  its  line  of  preference,  it  will  quickly  swing 
back  upon  release;  and  iron  and  bismuth,  like  the  leaders  of 
opposing  clans,  stand  at  the  head  of  long  lines  of  different 
kinds  of  substances  that  follow  the  direction  of  each. 
Matter  organic  and  inorganic;   mineral,  vegetable,  and  ani- 


mal; as  solids  in  bars,  and  as  liquids  and  gases  enclosed  in 
thin  glass  tubes — all  have  been  tested  and  marshalled  under 
the  heading  axial  or  equatorial. 

When  a  wrought-iron  bar  is  suspended  between  the  poles 
of  a  horseshoe  magnet,  it  becomes  temporarily  a  magnet 
too;  poles  of  opposite  name  are  induced  in  the  nearest  ends 
of  the  bar,  and  there  is  attraction  between  bar  and  magnet, 
and  hence  the  former  takes  the  axial  direction,  Fig,  1^2.  On 
the  other  hand,  if  the  small  bar  had  been  a  steel  magnet  of 
nearly  equal  strength  to  the  horseshoe  magnet,  it  would  be 
repelled  and  approach  the  equatorial  position,  Fig.  143:  by 
inference,  then,  substances  susceptible  of  magnetic  induction 
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ihat  take  up  the  equatorial  direction,  have  poles  of  same 
name  induced  in  their  near  ends  by  the  electromagnet  of  Fig. 
141,  and  are  repelled;  and  such  is  bismuth  and  its  class.  This 
view  is  supported  by  other  experiments:  place  a  sheet  of 
paper  on  the  poles  of  the  eleclromagnet,  and  sprinkle  fine 
bismuth  powder  on  it;    the  particles  will  group  themselves 


P^Wush  this  off,  and  sprinkle  a  mixture  of  bismuth  and  a  pow- 
der of  some  axial  substance,  as  sesquichloride  of  chrome ;  the 
two  powders  separate,  the  dark  bismuth,  as  before,  showing 


its  equatorial  character,  while  the  violet  grains  of  the  other 
take  the  axial  direction.  Again:  in  Fig.  144,  let  E  be  an 
electromagnet  with  a  coil  of  wire,  C,  on  its  upper  pole,  the 
ends  of  the  coil  leading  to  a  delicate  galvanometer  A. 
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:^aLed  by  Figs.  142  and  143. 
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,  copper,  ivory,  sulphur,  water,  olive-oil,  hydrogen,  and 
t  of  other  substances  are  diamagnetic. 
[  There  are   various   methods   of  determining   in   specific 
isure  the  magnetic  or  diamagnetic  susceptibility  of  a  siib- 
ice,  and  the  principle  of  one,  as  well  as  some  of  the  results 
uned  by  it.  may  be  stated  as  follows:  any  substance  intro- 
i  into  a  HOH-uniform  magnetic  field,  experiences  a  me- 
cal   force  that   urges  it   toward  a  stronger  or   weaker 
1  of  the  fieUl,  according  as  the  substance  is  para-  or  dia- 
tietic;   and  this  force  l>ecomes  known  by  measuring  the 
■ength  of  the  field  at  various  points;  the  avidity  with  which 
:  substance  moves,  depends  also  upon  its  susceptibility  to 
|lg;netism  or  diamagnetisni.     By  using  similar  slabs  of  dif- 
pnt  materials  in  the  strong  field  of  an  electromagnet,  the 
Keptibility  of  each  was  determined.     In  fields  of  different 
fcng^h,  from  one  of  1620  lines  per  square  centimetre  to  one 
10,450  lines,  as   well   as   through   fields   of  intermediate 
length,  3680;  8210:  8800:  that  is.  different  fields  of  these 
an  values,  not  these  values  for  different  parts  of  the  same 
I,  the  susceptibility  of  bismuth  (the  most  diamagnetic  sub- 
re)  was  constant  at  —  12,4,  the  minus  sign  denoting  dia- 
;tism.   Other  substances  under  same  conditions  showed 
Tietic  or  diamagnetic  susceptibility  as  follows:    marble, 
antimony.  —  0.71 ;     glass,  -|-  0.58;     cedar     wood, 
E0.16:  oak.  —  0.36;  tin,-f-o.35;  ebonite,  +  1.08;  and  alu- 
to.i6;  oak,  0.36;  tin, -f  0.35;  ebonite. -!- 1.08;  and  alumi- 
The  line  of  greatest  density  of  a  body  will  take  the  axial 
'  equatorial   direction  according  to   the  nStural   magnetic 
iaracter  of  the  body.    Thus,  a  cxihc  of  bismuth  will  rest  indif- 
ferently in  any  direction   between   the  poles  of  an  electro- 
magnet: but  if  compressed  by  forces  on  two  opposite  vertical 
faces,  the  line  joining  these  faces  will  indicate  the  most  dense 
direction  of  the  body,  and  the  cube  will  turn  until  this  line 
becomes  equatorial.     Again:    if  a  paste  of  powdered  car- 
lonate  of  iron  and  mucilage  be  made  and  compressed  into  a 
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rhiii  disc,  this  will  hang  with  its  plane  equatorially,  Fig.  145, 
;iik1  its  line  of  greatest  density,  therefore,  axially;  if  a  similar 
dific*  of  bismuth  be  prepared,  it  will  hang  with  its  plane  axi- 
Ally,  I'^ig.  146,  and  its  line  of  greatest  density,  therefore,  equa- 
torially;  if  either  disc  be  hung  horizontally,  Fig.  147,  it  will 


IRON  DISC 

Fig.  143. 


MBMUTHOiSO 

Fig.  146. 


irst  iiulitTercntly  in  any  direction,  because  the  line  of  greatest 
tinisity  is  vertical  and  therefore  at  right  angles  to  both  the 
4»\ial  anil  equatorial  directions. 

All  of  which  shows  that  the  density  of  a  body  has  much 
lu  do  with  its  apparent  magnetic  condition. 


CSC  CF  !RON 
CR  BISMUTH 


Fig.  147. 

IVinporaturo  also  affects  magnetism:  at  a  bright  red 
Ik. II.  non  coasos  to  he  magrneiic,  and  at  other  temperatures 
*  y\\u\\\  and  nickel  become  devoid  of  it:  and  diamagnetic  sub- 
laiu  rs  are  similarly  affected,  though  each  in  different  de- 
.:,iii  \\w  varied  states  of  matter — gaseous  as  well  as  solid 
»jihl  lu|\nil  follow  the  same  rule:  in  fact,  the  law  seems  uni- 
'  i  I  >.il  S\ilphur  and  mercury  do  not  at  the  temperature  tried, 
I'lii  iliiN  is  no  guarantee  that  they  will  prove  exceptional  at 
lii^lui  uinperatures. 
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L-ater,  a  theory  of  magnetism  will  be  stated  that  has  re- 
ceived much  favor:  briefly,  it  consists  in  attributing  mag- 
netic effects  to  currents  of  electricity  that  circulate  forever  in 
the  atoms  of  matter  and  are  confined  t-o  the  limits  of  the 
atoms — that  the  non-magnetic  state  is  due  to  the  axes  of  the 
atomic  circuits  being;  turned  heterogeneously,  so  that  the  cur- 
rents neutralize  each  other,  as  when  two  wires,  the  direct  and 
return,  are  led  side  by  side  to  destroy  each  other's  effect — 
and  that  the  magnetic  condition  becomes  manifest  when  the 
atomic  circuits  are  turned  all  one  way. 

Consider  the  bearjng  of  density  and  temperature  on  this 
theory.  No  substance,  however  dense,  is  a  solid  mass  of  mat- 
ter; but  there  are  pores,  interstices,  void  spaces,  between 
atom  and  atom:  the  size  of  the  atom  is  fixed,  that  of  the  space 
variable:  compression  reduces  the  space,  heat  enlarges  it. 
Compression  concentrates  the  effects  of  the  atomic  currents, 
just  like  a  poiiiicd  conductor  from  which  a  spark  leaps; 
whereas  heat  separates  the  atoms  more,  and  spreads  the  elec- 
tric condition  over  a  large  area,  thereby  lessening  the  poten- 
tial: and  thus  the  observed  effects  of  \-ap.-ing  density  and 
temperature  agree  with  theory. 

82.  The  mjrriad  sources  of  electricity  and  magnetism. — 
Any  two  substances  brouglu  Into  contact,  or  two  parts  of 
the  same  substance  at  different  temperatures,  gi\'e  rise  to  a 
difference  of  potential  between  them,  that  is,  to  an  electric 
current  with  its  magnetic  whirl;  this  current  varies  greatly 
with  the  substances  used  and  also  with  the  degree  of  heat 
applied  to  their  point  of  juncture.  It  is  the  principle  of  the 
thermopile — a  kind  of  electromagnetic  thermometer.  The 
principle  may  be  traced  in  the  static  machine,  where  the 
friction  of  two  dissimilar  materials — glass  and  leather — 
brings  particles  of  both  into  intimate  contact,  and  heals  them 
and  excites  electricity  in  abundance.  Apart  from  this  arti- 
ficial machine,  however,  there  are  throughout  Nature  mnlti- 
ludinous  instances  of  the  friction  of  dissimilar  substances  that 
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thin  disc,  this  will  hang  with  its  plane  equatn- 
and  its  line  of  greatest  density,  therefore,  axi 
disc  of  bismuth  be  prepared,  it  will  hang  w 
ally,  Fig.  146,  and  its  line  of  greatest  densitvs- 
torially;  if  either  disc  be  hung  horizontallv 
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rest  indifferently  in  any  direction,  b 
<lensity  is  vertical  and  therefore  at 
axial  and  equatorial  directions. 

All  of  which  shows  that  the  < 
to  do  with  its  apparent  magnetic 


I 


N 


DISC 
OR  I 

Fii 


Temperature  also  affect 
heat,  iron  ceases  to  be  mag 
c()l)alt  and  nickel  become  d 
stances  are  similarly  aflfec 
irrcc.     Tlie  varied  states  o 
and  li(iui(l — follow  the  sai 
versa).  Sulphur  and  mere 
hut  this  is  no  jj^uarantee 
higher  temperatures. 


state. 
Tak  txpanse  of 
^irtt  juvard  the 
ot  air  and 
thereby 
jorst  forth 
Both  the 
ir  2  chemical 
the  day» 
the 
so — and 
magnetic 

o£  iron)  are  so 

and  clash* 

the  at- 


the  globe, 

condition 

and  by  impac^ 

IT  even  solid  matter 

^Birt  ky  cn-stals  that 

I  jbre  rise  to  clec- 

3a&  and  air  are  so 

TgA  Just  and  vapor 

x<nzpdon;  and  the 

:3CQOgfa  the  air  and 

£  actions  of  twist- 

W  die  intcrmcdian- 

aod  induction  of 

esdst  in  Nature 

aom  whatever 


riO.V  A    SOURCE   OF  ELECTRICITY.      1 59 


_ -. .  chemical  Action,  in  Particular,  a  Source  of 

Electricity. 


nany  tlej^^recs  of  affinity  between  the  atoms 

''cmical  elements;   and  it  is  the  tendency  to 

-M  flcg^ree  of  this  attraction  that  impels  atoms 

•lislodge  others  and  form  new  compounds: 

\c)luntary  abandonment,  atoms  may  be  forci- 

li'l  both  means  of  separation,  or  **  dissocia- 

inical  actions,  which  always  disturb  the  elec- 

mm  of  the  rent  bodies. 

uiiiount  of  heat  will  melt  ice,  still  more  will 

.  ..LcT  into  steam,  and  more  yet  will  disrupt  this 

.   ,^cn  and  hydrogen:    the  liquefaction  and  va- 

mechaiiical — the  dissociation  of  the  vapor,  a 

11.     It  is  effected  through  the  agency  of  heat, 

\  icw  taken  of  this — the  imparting  to  the  atoms 

.  il)ration  or  quivering  as  to  swing  them  clear 

-  attraction. 

■  ■•   is  another,  and  the  most  efficient,  agent  for 

•sociation    of   atoms.      The    process  is    termed 

Only    certain   Ii(|uids   are    amenable    to    this 

;  matter  in  tlie  solid  state,  not  at  all.     One  in- 

decomposition  of  water — will  be  described,  as  it 

'.■  light  on  the  production  of  electricity  by  chem- 

148,  55,  are  two  galvanic  cells  from  which  wires, 

■  •»  strips  of  platinum,  (7  and  A\  called  electrodes; 

■.x\  into  a  vessel  partly  filled  with  acidulated  water; 

-  (closed  at  one  end)  are  filled  with  water  and  in- 

t  r  the  electrodes.    The  platinum  is  not  attacked  by 

■lat  no  chemical  action  takes  place  between  the  elec- 
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trodes  and  the  liquid.  The  current  from  the  cells  enters  by 
the  anode,  a,  passes  through  the  water — polarizing  and 
decomposing  it — and  leaves  by  the  kalhode  k.  During  its 
progress  the  water  in  the  tubes  will  fa)! — forced  down  by  the 
gases  resulting  from  decomposition,  which  gather,  the  hydro- 
gen about  the  kathode  and  the  oxygen  about  the  anode,  and 
rise  through  the  water  in  -the  tubes.  The  volumes  of  ihe 
gases  are  exactly  those  known  to  constitute  water,  and  thai 
they  are  really  these  gases,  may  be  proved  by  puncturing  the 
[Ops  of  Ihe  tubes,  when  the  hydrogen  will  burn  and  the  oxj- 
gen  will  cause  a  dying  ember  to  burst  into  flame. 


FiG.  Ml. 

But  tlie  point  especially  to  be  observed  in  this  process  is, 
that  cftch  electrode  is  the  ralljing  center  for  one  kind  of  ele- 
ment, ilislinct  from  the  other. 

If  ihc  liquid  had  Iwcn  chloride  of  tin,  chlorine  gas  would 
collect  nhoul  the  imode,  and  metallic  tin  be  deposited  on  the 
kathode.  The  principle  is  general,  whatever  the  substance 
•nalyied;  and  of  all  the  chemical  elements.  al»out  one-third 
will  (nUiiw  the  example  of  oxygen,  chlorine,  sulphur, 
bromine  in  -leeWing  the  ."mode,  while  the  remaining  tw 
tliinU.  like  hyilmticit.  tin.  cop|Kr,  potassium,  and  the  metl 
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generally,  will  proceed  to  the  kathode.  This  points  distinctly 
to  two  classes  of  opposite  condition  into  which  the  atoms  of 
matter  naturally  divide  themselves:  they  proceed  to  the  op- 
posite poles  of  a  battery;  their  voluntary  union  or  attraction 
gives  rise  to  a  current  of  electricity  (as  will  be  presently 
shown),  and  this  in  turn  will  act  as  a  forcible  agent  of 
disruption. 

The  two  categories  of  atoms  behave  toward  each  other 
like  oppositely  charged  conductors:  bring  these  close 
enough,  and  they  will  rush  into  contact  with  a  visible  display 
of  electrical  dislnrbance— a  spark:   essentially  a  current. 

This  duality  of  electrical  condition  of  all  matter  coupled 
with  its  duality  of  magnetic  condition  described  in  Art.  81, 
strongly  point  to  polarity  of  this  nature  being  the  motive 
power  tJiat,  as  "  chemical  affinity."  makes  atoms  cling  to 
each  other  with  varied  tenacity,  just  as  two  magnets  of  differ- 
ent size  and  strength  will;  or,  briefly,  that  chemical  affinity 
is  but  electromagnetic  attraction  between  atoms, 

A  dynamo  excites  a  current  of  electricity,  and  this  will 
Rin  a  motor,  which  is  but  the  converse  of  the  dynamo;  mo- 
lion  goes  into  the  dynamo  and  current  comes  out — current 
goes  into  the  motor  and  motion  comes  out:  similarly,  the 
rending  of  atoms  is  the  converse  of  their  combination — elec- 
tricity will  effect  the  former,  and  it  results  from  tlie  latter. 
This  will  now  be  described. 

Let  Fig.  149  be  a  vessel  containing  a  mixture  of  water 
and  sulphuric  acid  into  which  a  plate  of  copper  and  one  of 
zinc  are  immersed:  if  either  plate  alone  be  connected  by  wire 
with  an  electrometer,  it  will  appear  electrified;  if  both  plates 
are  brought  into  contact,  as  in  Fig.  150.  the  zinc  wastes 
away,  the  acid  grows  weak,  bubbles  of  gas  rise  from  the  sur- 
face of  the  copper,  and  if,  now,  the  plates  be  quickly  sep- 
arated, a  little  spark  will  flash  where  they  touched.  .An  elec- 
trical disturbance  has  taken  place  while  the  plates  were 
together;  it  is  defined  as  a  current — circulating  in  the  direc- 


l60        ELECTRICAL    AND   MAGNETICAL   PMENOM£. 

trodes  and  the  liquid.  The  current  from  the  cells 
the  anode,  a,  passes  through  the  water — polari 
decomposing  it — and  leaves  by  the  kathode  k.  E 
progress  the  water  in  the  tubes  will  fall — forced  doi 
gases  resulting  from  decomposition,  which  gather,  t! 
gen  about  the  kathode  and  the  oxygen  ahout  the  ai 
rise  through  the  water  in  the  tubes.  The  volura 
gases  are  exactly  those  known  to  constitute  water, 
they  are  really  these  gases,  may  be  proved  by  punct 
tops  of  the  tubes,  when  the  hydrogen  will  burn  and 
gen  will  cause  a  dying  ember  to  burst  into  flame.  ^ 


Fig.  148. 

But  the  point  especially  to  be  observed  in  til 
that  each  electrode  is  the  rallying  center  for  Oql 
ment,  distinct  from  the  other. 

If  the  liquid  had  been  chloride  of  tin,  chloii 
collect  about  the  anode,  and  metallic  tin  be  dff 
kathode.     The  principle  is  general,  whatevetf 
analyzed;   and  of  all  the  chemical  elements, 
will  follow  the  example  of  oxygen,   chtorinj 
bromine   in   seeking  the   anode,   while   the   1 
thirds,  like  hydrogen,  tin,  copper,  potass'*' I 
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the  chemical  action  of  one  is  so  much  more  vigorous  than 
that  of  the  other  that  its  current  overshadows  the  weaker, 
id  this  is  tacitly  ignored.  The  stronger  current  in  the  pres- 
ent case  is  from  the  zinc,  and  the  portion  of  this  metal  in  the 
liquid  is  called  the  positive  element,  because  the  current  starts 
from  it;  the  part  of  the  copper  in  the  liquid  is  called  the  nega- 
tive element,  because  the  current  comes  to  it  (its  own  weak 
offspring  being  dropped  from  view):  but  in  air,  as  the  course 
of  the  current  is  from  copper  to  zinc,  these  terms  are  reversed, 
and  copper  becomes  the  positive  pole,  and  zinc  the  negative 
pole, 

W'liat  is  this  current  of  electricity?  Nothing  iitulcrial, 
either  visible  or  invisible — as  a  current  of  water  or  of  air — 
flows  along  the  wire;  and  the  energy  existent  there  is  known 
only  by  its  effects — ^thermal,  chemical,  magnetical.  physio- 
logical, and  mechanical:  for  it  will  melt  a  filament  of  metal, 
decompose  a  liquid,  direct  a  compass-needle,  give  a  violent 
shock  to  a  living  body,  or,  if  strong  enough,  propel  a  street- 
car along  its  track.  Consider  how  this  jiowerful  energy  arises: 
zinc  and  oxygen  have  strong  affinity  for  each  other;  the  lat- 
ter exists  in  the  liquid  combined  with  hydrogen,  and  as  a 
compound  molecule  moves  about  indifferently;  but  once  the 
zinc  is  introduced  into  their  midst,  all  the  molecules  face 
about  in  parallel  lines  and  present  their  oxygen  sides  to  the 
itlractive  electrode  while  the  hydrogen  faces  the  copper. 

This  is  called  polarization  of  the  liquid.  The  acid  loosens 
the  lie  between  the  atoms,  the  oxygen  parts  company  with  its 
mate,  unites  wilh  the  zinc  forming  oxide  of  zinc,  and  this  in 
turn  combines  with  the  sulphuric  acid,  forming  sulphate  of 
zinc,  while  the  hydrogen  proceeds  to  the  other  electrode. 

Tlie  usual  explanation  of  the  resulting  current  is,  that 
ch  atom  had  a  definite  quantity  of  electricity — one.  of  the 
:  the  other,  of  the  negative,  kind- — and  that  both  de- 
ivered  up  their  respective  charges  to  the  electrode  of  their 
loice.     But  what  did  they  deliver  up — a  material  burden? 
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Surely  not.     Motion?    This  well  can  be.     If  the  current  is  I 
denied  passage  by  omitting  the  exterior  circuit,  the  cell  itself 
will  become  heated,  and  w'hat  is  this  but  increased  motion  of 
the  molecules. 

Provide  a  circuit,  and  will  not  this  increased  motion  take 
another  form — still  motion — and  traverse  it  as  an  electric 
current? 

A  vibrating  bell  delivers  up  its  motion  to  the  surround- 
ing medium  and  we  have  waves  of  air:  why  not  the  violent 
quivering  of  atoms  consequent  upon  rupture,  or  their  clash 
of  combination,  deliver  up  the  increased  motion  to  the  ether 
in  which  they  are  immersed,  and  this  take  it  up  as  an  alter- 
nately stressed  and  lax  condition,  which  is  called  a  current 
of  electricity?  And  it  will  be  just  as  reasonable  to  conceive 
the  different  atoms  of  matter  susceptible  of  definite  motion  of 
a  certain  kind,  as  to  imagine  them  possessed  of  a  specific 
charge  of  electricity,  whether  by  this  is  meant  a  material 
liquid,  a  spirit,  an  effluvium,  or  something  else  equally 
vague. 

Separately,  the  zinc,  sulphur,  and  oxygen  had  more  in- 
herent energy  than  when  combined  as  sulphate  of  zinc:  so. 
too.  the  coal  and  air,  before  they  met  in  the  furnace,  hati 
more  energy  than  the  carbonic  acid  resulting  from  their  com- 
bination; how  account  for  the  deficit?  Energy  has  for 
factors,  matter  and  motion:  the  former  did  not  vary — the 
same  quantity  of  matter  was  present  in  the  changed  state  as 
before  combination:  it  must,  then,  have  been  the  motion 
that  fell  off  as  a  factor  of  the  compound  and  became  manifest 
as  a  current  of  electricirty  in  the  chemical  cell  and  as  greater 
heat  in  the  household  furnace. 

But,  whatever  is  delivered  up  by  the  atoms — motion,  or 
the  vague  electricity — its  amount  is  always  the  same:  the 
■electrochemical  equivalent  of  atoms  is  a  well-defined  quan- 
tity. The  stronger  the  current,  or  the  longer  it  runs  in  the 
electrolytic  cell,  the  greater  the  number  of  molecules  it  will 
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larate;  and  conversely,  the  galvanic  battery  will  yield  cur- 
t  of  a  power  and  volume  in  strict  conformity  to  the  chem- 
ical reaction  that  takes  place.  The  same  current  passing  for 
the  same  time  through  several  electrolytic  cells  holding  the 
following  metals  in  solution,  will  deposit  66  grammes  of  gold, 
tooS  grammes  of  silver,  28  of  iron.  28  of  nickel,  or  32  of  zinc 
or  every  gramme  of  hydrogen  liberated;  and  conversely,  if 
liese  weights  of  the  several  metals  be  free  and  susceptible 
I  combination  with  other  elements,  they  will  produce  by 
lUch  chemical  actiori  the  same  current  for  the  same  time  that 
Jissolved  ihcm  from  their  bonds. 

84.  The  Sun  probably  a  source  of  electromagnetic  enei^. 
—According  to  the  nebular  theory,  the  various  bodies  nf  the 
olar  system  once  spread  out  as  a  vaporous  mass  to  the 
iltmost  confines  of  this  system,  and  each  body  is  due  to  a 
[enter  of  gravitation,  which  attracted  to  itself,  during  millions 
bf  years,  the  surrounding  matter,  until  to-day  we  have  the 
jpherical  forms  of  Sun,  Earth,  and  planets.  Even  yet,  frag- 
ibentary  matter  is  adrift  in  interplanetary  space,  as  shooting 
nd  other  meteorites  prove. 
The  contraction  of  the  Sun^the  gravitation  of  its  mass 
into  more  dense  volume — w'hich  is  still  going  on,  is  consid- 
ered the  most  probable  source  of  its  heat;  for  the  grinding 
together  of  its  constituents  in  this  process  will  evolve  great 
heat. 

The  Sun  is  shrinking,  but  so  slowly  that  the  amount,  ac- 
cording to  calculation,  necessary  to  replace  its  radiation, 
would  require  nearly  ten  thousand  years  to  be  observed  by 
delicate  instruments. 

Equal  volumes  of  sulphuric  acid  and  water — if  mixed — 
will  combine  with  avidity  and  give  out  great  heat,  the  result- 
ing volume  l)eing  much  less  than  the  sum  of  the  separate 
parts:  shrinkage  has  taken  place  in  the  intimate  chemical 
union  of  the  liquids. 

It  has  already  been  shown  that  the  contact  of  different 
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substances  produces  electricity;  that  chemical  action  cause 
it;  and  that  mechanical  crushing,  grinding,  atid  compressitM 
of  matter  give  rise  to  it:  now,  in  the  Sun  [here  is  a 
variety  of  substances — iron,  nickel,  copper,  zinc,  sodium 
carbon,  hyilrogen.  and  many  more;  the  nucleus  may  be  d 
viscous  mass,  but  if  so.  it  is  the  kernel  of  a  molten  shell  t 
in  turn,  is  enveloped  by  a  photosphere  of  glowing  gas; 
the  Sun.  therefore,  all  the  conditions  for  producing  the  ele( 
tromagnetic  state,  exist — variety  of  matter,  great  head 
chernical  action,  and  the  grinding  and  crushing  of  slirinkageM 
would  it  not,  hence,  be  expected  that  what  results  from  the! 
conditions  on  the  Earth  should  also  take  place  on  the  f 
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85.  That  the  Air  is  a  vast  reservoir  of  electricity  is  abun- 
dantly shown  by  its  periodic  rise  to  a  climax  of  tension  and 
outburst  in  the  thunderstorm.     It  has  been  examined  by  \ 
ous  means:   long-jxiinted  wires  extending  above  the  EarthiJ 
arrows  shot  upward;    kites  flown  high  in  air;    and  balloonj 
ascensions.      Gilt   thread   connecte^l   these   devices   with  i 
electroscope  on  the  Earth,  and  thus  the  i>otential  of  the  elec-l 
trification  was  indicated  as  the  arrow,  kite,  or  balloon  r 
into  upper  regions. 

Observations  have  been  made  in  divers  countries,  \ 
every  hour  of  the  day,  in  all  conditions  of  weather,  and  a 
heights  up  to  23,000  feet;  yet,  beyond  a  few  facts,  little  li 
been  learned  definitely. 

In  fine  weather,  the  air,  relatively  to  the  Eartli.  is  posi- 
tively electrified,  and  the  potential  increases  with  the  eleva- 
tion; but  in  storms,  with  varying  winds,  cloudiness,  rain, 
and  other  unsettled  conditions,  it  is  either  positive  or  nega- 
tive, and  sometimes  rapidly  changes  from  one  to  the  other- 
The  condition  may  be  likened  to  that  of  a  Leyden  jar — the 
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Earth  negatively  charged,  the  clouds  positively,  and  the  neu- 
tral space  between,  a  dielectric:  when  the  vapory  mass  be- 
comes overburdened,  the  charge  surges  from  Heaven  to 
Earth  in  lightning  flashes.  Outside  of  these  violent  commo- 
tions, there  is  a  regular  ebb  and  flow  of  electrification,  just  as 
of  tides  in  a  harbor,  or  the  atmosphere  within  the  Tropics. 
The  eleclrical  fluctuation  is  as  follows:  a  minimum  about 
4  a.m.:  a  maximum  about  9  a.m.;  a  second  minimum  about 
3  p.m.;  and  a  second  maximum  about  10  p.m.;  but  each  of 
these  is  a  mean  between  considerable  extremes,  and  they  also 
vary  with  locality  and  season. 

Tliere  is  everywhere  a  decided  difference  between  the 
electric  potential  of  Winter  and  Summer:  it  rises  from  No- 
-  vember  until  January — when  it  is  greatest — then  falls  until 
March,  and  runs  along  at  a  low  level  during  Summer,  the 
average  for  the  two  seasons  often  differing  as  much  as  ten  to 
one.  Tlie  seasons  in  the  Southern  hemisphere  cover  months 
the  opposite  of  those  in  the  Northern,  and  as  fhe  electrical 
condition  corresponds  to  the  season,  and  not  to  the  month, 
this  indicates  a  connection  between  it  and  the  movement  of 
the  Sun. 

Various  explanations  have  been  offered  (and  combatted) 
for  the  electricity  of  the  air:  one  constituent  of  the  air  itself 
is  magnetic:  processes  are  forever  going  on  that  yield  elec- 
tricity from  both  land  and  sea— evaporation  and  vegetation: 
and  the  Sun  is  considered  a  direct  source.  In  support  of  this 
latter  view  is  the  hypothesis  that  the  Sun  sends  out  into  the 
ether,  waves  of  every  length;  those  that  produce  heat,  light, 
and  chemical  change  we  experience  directly — but  may  there 
not  be  other  waves  which  are  transformed  in  the  rarer  strata 
of  the  atmosphere  and  become  known  to  us  by  their  electro- 
magnetic effects?  This  would  constitute  the  Sun  the  great 
central  source  of  all  these  various  forms  of  energy. 

Oxygen  is  the  most  strongly  magnetic  of  all  gases;  a 
cubic  yard  of  it,  compressed,  would  exert  an  effect  upon  a 


ELECTRICAL   AND    MACNETJCAL   PHENOMENA. 


magnetic  needle  equal  to  five  grains  of  iron — that  is.  it 
lessens  to  this  degree  the  Earth's  directive  force  upon  the 
compass,  in  the  same  way  that  a  conning  tower  does:  now 
this  gas,  in  its  free  state,  forms  one-fifth  the  volume  of  the 
atmosphere;  the  air  is  forever  in  motion — often  violently  so 
— and  the  mere  movement  of  these  myriad  magnetic  motes 
should  excite  an  electrified  condition. 

The  solar  rays  decompose  the  carbonic  acid  of  the  air. 
selling  free  more  magnetic  oxygen  and  convening  the  car- 
bon into  leaf,  wood,  and  bark;  in  due  time  these  decay  and 
carbonic  acid  is  formed  anew:  quietly,  but  on  a  grand  scale. 
it  is  the  process  of  the  galvanic  cell- — vegetation  contributing 
to  the  electrification  of  the  surrounding  medium. 

The  hydro-electric  machine  is  a  means  of  producing  elec- 
tricity by  evaporation:  hot  n'et  steam,  by  its  friction  againsl 
the  inner  surface  of  a  pipe,  becomes  so  charged  with  elec- 
tricity that,  upon  issuance,  it  delivers  up  to  a  suitably  pre- 
pared conductor  such  quantity  that  sparks  several  feet  long 
may  be  drawn  from  it.  If  distilled  water  be  dropped  upon  a 
red-hot  platinum  vessel  connected  with  an  electroscope,  its 
mere  evaporation  will  not  give  rise  lo  electricity,  neither  will 
acids  pure  and  concentrated:  but  solutions  of  acid  and  water 
will,  and  the  salt  icatcr  of  the  sea,  which  has  been  particularly 
examined,  affords  electricity  in  notable  quantity  when  thus 
evaporated.  If  an  insulated  copper  plate,  spread  with  earth 
moistened  with  salt  water,  be  exposed  to  the  Sun's  rays,  elec- 
tricity from  evaporation  will  he  indicated  by  an  electroscope 
in  connection  with  the  plate;  and  the  amount  will  be  in- 
creased by  agitating  the  air  above  the  plate,  for  this  will 
remove  the  air  already  charged  and  hasten  the  evaporation. 
Now  evaporation  is  going  on  from  every  humid  soil  and  salty 
sea,  but  most  rapidly  in  Tropical  climes:  the  general  system 
of  winds  is  upward  from  the  Equator  into  higher  regions, 
thence  toward  the  Poles,  steadily  descending,  and  eventually 
toward   tropical   zones   again   as   surface-currents;   however 
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short  a  distance  the  warm  vapor  from  equatorial  seas  may 
accompany  the  winds  in  their  progress,  it  is  constantly  rub- 
bing against  new  ami  cooler  strata  of  air,  composed — of 
what? — free  atoms  of  oxygen  (which  is  magnetic)  and  nitro- 
gen— different  kinds  of  matter  in  different  conditions,  essen- 
tially a  state  of  affairs  that  in  the  hydro-electric  machine  sup- 
plied electricity  in  such  abundance! 

And  exactly  above  the  heated  equatorial  belt  where  these 
natural  conditions  of  evaporation  and  friction  exist  for  evolv- 
ing electricity,  do  take  place  those  vivid,  violent,  and  deadly 
electrical  commotions. 

In  Art.  82  many  natural  sources  of  electricity  were 
named,  and  while  no  single  one  of  them  or  of  those  stated 
in  this  article,  may  suffice  to  give  the  heavy  charges  that  oft- 
times  burden  our  atmosphere,  still  all  combined  seem  ade- 
quate to  it;  and  they  do  exist,  each  contributing  its  share. 

The  electricity  of  the  air  is  but  an  extension  into  space  of 
the  magnetic  condition  of  the  Earth,  and  therefore,  for  the 
purpose  of  this  book,  it  is  important  that  every  fact  contribu- 
tor}' to  its  explanation  should  be  made  use  of;  it  is  not  of  the 
nature  of  mere  information  that  may  embellish  a  morning 
talk  atjout  the  weather,  but  knowledge  that  enables  us  to 
understand  the  directing  influence  upon  the  compass:  for 
this  reason  some  very  recent  matter  regarding  the  subject 
wHIl  be  stated  here.  It  appeared  in  Eiiginccruig.  and  was 
reprinted  in  The  Electrician,  from  which  it  is  quoted: 

"  II  is  curious  to  notice  the  extensive  use  made  of  kites 
in  electrical  exploration:  they  are  not,  however,  as  simple  in 
build  as  that  used  by  Franklin.  The  well-proportioned  kites 
of  the  Hargrave  pattern,  while  better  able  to  cleave  their 
way  through  the  air  and  to  remain  poised  in  equilibrium  for 
a  long  time,  have  only  this  in  common  with  their  historical 
prototype — that  the  fine  cord  which  serves  to  fly  them  has  a 
thin  copper  wire  wound  spirally  round  it. 

"  The  end  of  this  conductor  is  connected  at  the  observ- 
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ing  station  with  the  needle  of  aii  eleclromeler,  one  pair  o( 
quadrants  being  kept  at  a  constant  high  potential  and  the 
other  at  an  equal  low  ]x>tential.  This  affords  the  best  means 
of  determining  the  eleclrical  conditions  of  tlie  higher  regions 
of  air.  During  the  first  few  months  of  1899  ten  kite  asceiili 
were  made  at  the  Blue  Hill  Observatory,  about  ten  miles 
from  Boston.  The  average  altitude  attained  was  7600  feet,  llie 
greatest  being  12,300  feet.  The  most  notable  results  ob- 
tained at  the  Blue  Hiil  Observatory  showed  that  showery 
or  thimderstonu  weather  is  not  the  only  one  which  gives 
strong  electrical  indications:  even  with  a  clear  and  cloudless 
sky.  the  needle  of  the  electrometer  would  move  sometimes 
creepingiy  and  at  other  times  violently  from  its  zero  position. 

"  From  the  instrument-room  of  the  Observatory  it  was 
easy  to  tell  by  watching  the  spot  of  light  focussed  on  the 
scale  [the  visible  means  of  showing  the  electrification], 
whether  the  kite  was  rising  or  falling,  or  whether  it  was  sta- 
tionary, the  needle  promptly  responding  to  every  change  of 
altitude. 

"  On  one  occasion  a  kite  was  let  out  at  11  a.m.  and  kept 
up  until  10  p.m.:  toward  sunset  the  spot  of  light  became 
restless,  and  shortly  afterward  a  storm  was  seen  looming  up 
from  the  west;  while  it  continued,  a  perfect  fusillade  of 
sparks  could  be  drawn  from  the  wire,  and  as  the  darkness 
increased,  a  torrent  of  sparklets  played  between  the  air-gaps 
of  the  quadrants,  the  incessant  sizzling  threatening  at  times 
to  burn  the  instrument  out.   .  .  , 

"  Tlie  following  table  shows  the  potentials  recorded  at 
two  stations  in  Washington  on  a  November  day,  the  first 
being  500  feet  above  the  ground  and  the  second  45  feet.  The 
apparatus  used  at  both  were  the  usual  water  dropping  col- 
lector and  its  associated  electrometer. 

"  Higher  potential  differences  frequently  occur  in  electric 
storms.  Mr.  McAdie  relates  that  one  May  afternoon,  while 
up  in  his  Washington  eyrie,  500  feet  above  the  surrounding 
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thoroughfare,  he  noticed  over  the  Virginia  hills  a  patch  of 
dark  cloud,  and  thereby  knew  that  a  thunder-squall  was  at 
hand.  '  At  ten  minutes  to  three  (he  writes)  the  clouds  are 
overhead,  and  tins  is  the  last  we  shall  see  of  the  outside  world 
until  the  storm  is  over,  for  it  is  necessary  that  the  heavy 
marble  door  windows  be  swung  to.  All  is  dark  in  the  [Wash- 
ington] monument,  save  for  the  beam  of  reflected  light  trav- 
elling along  the  ground-glass  scale. 


Time. 

DiJltttHte. 

900  volis 

ai6  volls 

684  volts 

1.3a     ■' 

146     ■■ 

64s  ■■ 

^■34     ■■  . 

900   ■■ 

ai6    ■■ 

684  " 

861   ■■ 

246    '■ 

l>i6     ■■ 

1.38     ■■ 

87s  •■ 

63s     ■• 

J.40     ■■ 

835     '■ 

603     •■ 

Mean 

B75  voUa 

231  volIS 

644  V0U5 

"  "  From  the  south  window  the  nozzle  of  the  water  drop- 
ping collector  protrudes  through  a  small  opening.  Tlie  wind 
rises,  and  we  notice  the  needle  moving  steadily  toward  the 
point  marked  1000  volts  positive.  This  means  that  the  pull 
upon  the  air  is  steadily  increasing.  Suddenly  the  needle  Hies 
to  the  other  side  of  the  scale,  and  we  know  t1iat  the  air,  hke 
a  piece  of  overstretched  rubber,  has  snapped  under  the  strain. 
The  pull  is  now  negative;  the  needle  dances  about,  and  we 
hear  outside  ihe  rumble  of  the  distant  thunder.  Nearer 
comes  the  storm,  judging  from  the  rapid  fluctuations  of  the 
needle:  values  of  3000  or  4000  volts  are  recorded.'  [At  the 
f^iffel  Tower  in  Paris  values  as  high  as  10,000  volts  have  been 
registered;  and  Ihe  tension  denoted  by  these  numbers  may 
be  better  appreciated  when  it  is  stated  that  1500  volts  are 
ordinarily  used  with  the  electric  chair  in  New  York  for  the ' 
execution  of  criminals.]  '  Placing  the  eye  close  to  the  peep- 
hole through  which  the  nozzle  protrudes,  the  little  stream  of 
water  is  seen  twisting  and  breaking  into  spray,  but  becomes 
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normal  as  soon  as  a  flash  occurs,  only  to  begin  to  twist  and 
disturb  itself  again.' 

**  Such,  in  brief,  is  the  history  of  most  of  our  thunder- 
storms, as  it  is  also  of  snow-storms,  and  especially  of  hail- 
storms. 

**  During  these  last,  the  behavior  of  the  spot  of  light  is 
often  of  the  wildest  character,  thereby  denoting  electrical  dis- 
turbances of  a  high  order.  .  .  . 

**  In  ascending  through  the  atmosphere  during  normal 
conditions  of  potential,  a  rise  of  about  50  volts  per  foot  will 
be  experienced;  but  steeper  gradients  are  not  uncommoiL 
To  determine  the  limits  of  the  electric  field  beyond  the  Earth, 
we  must  appeal  to  observations  taken  at  the  greatest  possi- 
ble heights.  An  analysis  of  the  records  of  the  Observatory 
situated  in  Salzburg  at  an  altitude  of  ten  thousand  feet,  as 
well  as  of  observations  taken  in  balloon  ascents,  tends  to 
show  that  this  normal  field,  like  our  atmosphere,  is  confined 
to  comparatively  small  limits:  while  the  atmosphere  does  not 
much  exceed  one  hundred  miles,  the  electric  shell  seems  not 
to  extend  beyond  ten  or  fifteen  thousand  feet.  At  this  and 
j^rcatcr  altitudes  there  appears  to  be  such  little  appreciable 
variation  of  potential  that  we  may  say  the  field  is  practically 
constant:  this  would  mean  that  the  Earth's  lines  of  electric 
forco  Olid  at  about  that  elevation,  and  that  we  have  there  the 
loi'aii(»ii  of  the  positive  charge  corresponding  to  the  nega- 
livo  electrification  of  the  j^round. 

**  This  laver  and  the  surface  of  the  Earth  form  the  coat- 

■ 

ilia's  (if  Nature's  j;;reat  condenser.  Our  buildings  and  monu- 
nunis  projev^t  some  little  distance  up  between  them,  and  the 
licM\ier  rioiuls  of  our  skies  sail  about  at  varying  heights 
llM«m^;li  this  heteroj>eneinis  dielectric. 

It  is  not  eiiou^tih.  however,  to  recognize  the  fact  of  this 
elt»ii  ii'.il  sepaiatiiMi:  we  want  further  to  know  what  maybe 
tile  i.m*»es  nf  so  leinarkahle  anil  pennanent  a  phenomenon. 
.  ,      Smmic-    i»f    the   causes    have   alreadv    been    mentioned, 
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and  two  of  them  will  now  be  dealt  with  a  little  more  at  length. 
That  the  rubbing  of  dust  and  sand  particles  against  tlie  air 
is  a  potent  cause  of  electrification,  is  well  borne  out  by  obser- 
vations made  in  the  Sahara  Desert,  especially  during  the 
prevalence  of  the  sirocco.  M.  Feret,  writing  in  Cosmos,  Oct. 
17.  1899,  says:  '  II  suffit  alors  d'une  couvertiire  brusque- 
ment  deployee,  d'un  peigne  vite  passe  dans  les  cheveux  ou 
la  barbe  pour  produire  des  etincelles.  Les  tentes  se  trans- 
fonnent  en  autant  de  bouteilles  de  Leyde.  d'oii  Ton  pent  tirer 
avi  plus  leger  frolement  des  etincelles  de  15  -et  meme  25 
centimetres.'  .  .  , 

"  By  a  very  careful  investigation,  Prof.  Lenard  showed 
that  when  drops  of  water  fall  upon  a  water-surface,  they  give 
a  negative  charge  tcf  the  air;  and  if  allowed  to  fall  upon  a 
hard,  wet  slab  of  any  material,  rfhe  eir-charge  is  considerably 
increased.  He  also  satisfied  himself  that  no  charge  was  com- 
municated to  the  air  while  the  drops  were  actually  falling,  the 
seat  of  electrical  disturbance  being  the  agitated  water  at  the 
fool  of  the  fall  or  the  rocks  on  which  the  drops  impinged. 
He  also  found  that  the  negative  electrification  of  the  air  was 
modified  by  the  presence  of  common  salt  dissolved  in  the 
^■ater.  as  small  a  quantity  as  one  per  cent  sufficing  to  change 
lis  sign.  With  five  per  cent  the  development  of  positive  elec- 
irificaiion  was  a  maximum. 

These  results  appeared  to  have  such  an  important  bear- 
ig  on  electrical  theory  in  general,  and  also  on  the  origin 
aUnospheric  electricity,  that  they  were  repeated  by  Lord 
:Irin  and  Mr,  McLean  in  the  physical  laboratory  of  the 
'liiversity  of  Glasgow.  Alt  Lenard's  observations  were 
ifirmed  but  one.  the  exception  being  a  very  important  one. 
lese  Glasgow  experiments  did  not  show,  as  Lenard  in- 
1(1  from  his.  the  absence  of  all  electrification  while  the 
'ps  were  passing  down  through  the  air;  for,  when  there 
no  obstruction  to  the  artificral  shower,  evidences  of  a 
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cv:' ■%:  ;-  -ecAiive  electr.ncation  were  always  detected. 
-  >  :    .  •   >:<-::r.car.:  and  suggestive  observation,  because 
^  '.•  :'\.;c*v:-L    :ecori.:<  almost  always  indicate  strong  nega- 
V     .1  ::c>  A  '"o  r,i:::  is  falling. 

•'  •^:'r  :  *c>^  researches  we  conclude  that  every  rain-drop 
;;  /ir  :  X'  i:'.^i:!:d.  or  on  ponds,  lakes,  and  rivers,  as  well 
.  ,x.  X     ■•'.>•;  o:  fresh-water  spray  falling  back  on  a  fresh- 
%,..*.    x-'MCv:.  sctaIs  a  minute  quantity  of  negative  electricity 
»v  .1-.    \\:v.'s:  ever\*  drop  of  salt-water  spray  falling 
..^^    \\\\^  ><  >c.i  from  breaking  waves  sends  positive  elec- 
V    v    :?.o  ."^c  ,i::tiv^<piiere.    As  by  far  the  greater  part  of  the 
»  X  >'.-:?.uc  consists  of  saline  waters,  f)ositive  electricity 
X.  ^'vi.  \  :vc|KMulerate.     It  is  not  unlikely,  then,  that  we 
'\-  ;o>>!!ii;  auvl  wind-driven  surface  of  our  oceans  a 
.      **-  ".<  pvnvcr  liouse  ever  at  work  in  generating  the  nor- 
..     \'.vi\c  c'cctiitication  of  our  atmosphere." 


Sc\'tiou  Four  :  The  Magnetism  of  the  Earth. 

^,fc,     \  .  .\*  !tv»ni  ilio  taniastic  olden  theories,  which  it  were 

.  ,  ..    .'    vv\»nm.  ilic  maj:;:netic  condition  of  the  Earth  has 

..,  .i'^vl    u»   magnets  located  within  its  bowels — to  a 

.  ),.:i   ..'Mv  A\  itN  center;    to  two  such  inclined  at  an 

M^:i»  v->^'«  oiltei;    to  a  solid  sphere  revolving  inside  an 

,^       '., .(Ii  maiMieiic.  and  each  with  its  foci  and  |)erio(l 

.,^.,,,in   vliil\'ii-iit  from  the  other.     But  all  such  were 

.  IV  .u.»i  i\|»ieM'MiaiiiHis  of  observed  facts,  in  the  same 

,.     j.^iiKiiv    was  e\i)lained  by  a  fluid — the  material 

,.i,.i  ill,    iiiiiinttes,  but  the  image  was  the  figment, 

!»  .u     il«^-  ualilv.     I^xisting  physical  conditions,  how- 

.  ..,1    ,  I,  ». enable  exj)1anation,  and  are  more  worthy 

..^,.,1,0  in  «»»  il'^'  b^'irth  and  electricity  of  the  Air  are 
,.,,,m  h-d  and  mutually  retroactive,  so  that  the 
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statements  of  llie  preceding  Article  really  form  a  part  of 
this. 

The  magnetic  influence  is  not  like  the  rintl  of  an  orange, 
of  definite  thickness;  but  it  penetrates  the  mass  of  the  globe 
and  spreads  out  into  space;  in  the  deepest  mine  the  compass 
will  point  to  its  Pole,  and  at  successive  heights,  up  to  twenty 
thousand  feet,  at  which  experiments  have  been  carried  in 
balloons,  a  horizontal  needle  made  the  same  number  of  oscil- 
lations in  a  specified  time  as  at  the  point  of  the  Earth's  sur- 
face from  which  it  started.  A  very  thin  layer  of  this  mag- 
netic atmosphere — that  immediately  enclosing  the  globe  as 
a  shell  does  an  egg — has  been  thoroughly  examined  during 
long  years,  and  the  result  stands  clearly  forth  that  the  Earth 
is  a  magnet,  but  roughly  so — contorted  and  misshapen.  The 
magnetic  atmosphere  is  considered  streaked  with  lines  of 
force  whose  direction  is  indicated  by  delicately  poised 
needles:  these  are  necessarily  confined  to  the  Earth's  sur- 
face; above  and  below  exist  the  conditions  that  give  them 
direction,  as  well  as  arise  the  fluctuations  that  divert  them 
from  their  normal  positions,  for  the  lines  quiver  with  many 
changing  circumstances. 

The  Earth  is  full  of  all  the  different  kinds  of  metals, 
heaped  in  masses,  spread  out  in  beds,  pure,  combined  with 
each  other,  and  variously  agglomerated  with  other  sub- 
stances; throughout  them  all  percolate  acid  liquids,  as  the 
multitude  of  mineral  waters  that  spring  to  the  surface,  attest: 
here,  then,  is  a  network  of  galvanic  cells  of  every  form  in  per- 
petual activity,  probably  exciting  currents  of  electricity  that 
flow  beneath  the  crust  upon  which  our  needles  are  pivoted. 

Again:  where  acidulated  waters  do  not  run.  different 
metaJs  still  exist,  variously  distributed  in  quantity  and  space 
from  Equator  to  Pole;  they  touch  and  join  in  layers  and 
veins;  the  Torrid  Zone  is  forever  heated,  while  the  Poles  are 
cappetl  with  eternal  snow,  thus  making  of  the  Earth  a  huge 
j-mopile  for  exciting  electric  currents. 
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These  are  continually  varying  in  strength  and  direction, 
for,  being  (presumably)  dependent  on  the  Sun,  as  this  is  ver- 
tical over  different  parts  of  the  Earth  at  successive  hours  of 
the  day  and  throughout  the  several  months  of  the  year,  the 
heating  of  the  globe  is  a  progressive  action;  hence  the  elec- 
tric currents  due  to  it  manifest  their  fluctuations  in  the  daily, 
monthly,  and  yearly  maxima  and  minima  of  magnetic  phe- 
nomena: nothing  is  better  established  by  observation  than 
the  coincident  movement  of  the  magnetic  needle  and  the 
Sun. 

Heat  weakens  the  magnetic  condition,  and  accordingly 
this  has  its  least  intensity  in  the  heated  zone,  while  the  foci 
of  magnetic  strength  and  regions  of  severest  cold  are  close 
together. 

As  coal,  gold  or  copper  is  found  only  in  certain  places, 
so  magnetic  ore  is  more  abundant  in  one  "hill  or  ridge  than 
in  another:  one  has  but  to  cast  his  eye  on  the  daily  weather 
map  to  see  how  mountain  ranges  give  twisted  contours  lo 
the  lines  of  equal  temperature  and  pressure;  similarly,  masses 
of  magnetic  ore  outline  in  warped  and  tortuous  curves  theif 
characteristic  features,  as  portrayed  on  any  chart. 

From  all  these  sources — chemical  and  thermal  effects 
upon  the  metals  of  the  Earth  as  well  as  local  magnetic  depos- 
its, coupled  with  the  reflex  action  of  aerial  electricity — we 
have  what  seems  a  plausible  explanation  in  part,  at  least,  oi 
the  electromagnetic  condition,  of  the  globe  and  its  irregular- 
ity— its  ill-shapen  form  of  a  magnet. 

Tliat  terrestrial  electric  currents  do  exist  is  not  a  mere 
inference:  they  were  first  observed  during  great  auroral  dis- 
plays by  reason  of  their  interference  with  telegraphy,  when, 
occasionally  they  surpassed  the  strength  of  the  regular  work- 
ing current:  but  now  they  .ire  observed  at  all  times  in  all 
places,  well  defined  though  usually  weak,  and  wholly  due  to 
the  Earth  and  not  to  any  adventitious  circumstance. 

So  much  (or  what  goes  on  beneath  the  surface — now  in 
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the  air  above  we  find  conditions  that  contribute  to  the  same 
general  result. 

In  Art,  85,  it  was  shown  how  streams  of  vapor  rising 
from  tropical  seas  proceed  toward  each  Pole  and  may  excite 
currents  of  electricity  in  those  directions;  it  is  the  parallel  of 
the  thermo-electric  currents  running  in  the  same  way 
through  the  Earth:  both  are  due  to  the  Sun  heating  the  mid- 
dle zone  of  the  Earth:  and  their  variable  strength — mani- 
fested by  the  annual  change  in  the  magnetic  elements — is  due 
to  the  apparent  motion  of  the  Sun  toward  either  Pole  during 
the  year.  The  apparent  motion  from  east  to  west  gives  rise 
to  currents  in  this  direction,  too;  for  as  the  Sim  heats  the 
segment  of  the  Earth  immediately  beneath  it,  that  to  the 
westward  is  cooler,  and  on  the  thermo-electric  principle,  the 
currents  flow  from  the  warm  to  the  cool  joints  of  the  metals: 
their  variable  strength — manifested  by  the  diurnal  change  in 
the  magnetic  elements — is  due  to  the  ahernate  warmth  and 
chill  ihat  recur  with  day  and  night. 

Thus  there  are  conditions  that  may  give  rise  to  currents 
from  east  to  west  in  Earth  and  Air;  there  are  also  condi- 
tions that  may  give  rise  to  them  from  Equator  to  Pole — also 
in  Earth  and  Air;  these  sheets  of  electric  flow  would  make 
of  the  Earth  a  huge  solenoid  with  a  pole  in  each  hemisphere. 
»nsvmmetrically  located,  as  actually  exists,  because  such 
poles  result  from  the  combination  of  the  meridional  currents 
with  those  flowing  along  parallels  of  latitude,  and  both  sys- 
tems can  hardly  be  imagined  exactly  equal;  there  are  mag- 
netic ores  variously  heaped  in  different  parts  of  the  Earth: 
and  there  are  cyclones  that  whirl  immense  volumes  of  mag- 
netic oxygen  from  region  to  region  of  the  atmosphere:  the 
Sun  comes  along — one  day  is  hot,  another  cool — and  all 
these  sources  of  the  electromagnetic  condition  vary;  they 
mutually  react  upon  one  another  as  would  so  many  magnets 
dangling  from  strings,  and  it  is  the  resultant  of  the  whole 
that  we  observe  in  the  movements  of  our  little  needles  piv- 
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Oted  all  over  the  thin  crust  of  earth  dividing  the  currents  ani^^ 
commotions  above  from  those  beneath. 

These  thermo-electric  and  chemico-electric  currents  at 

tributed  to  metallic  deposits  in  the  Earth  as  well  as  the  cur—  - 
rents  ascribed  to  aqueous  vapor  rubbing  against  the  air,  are^ 
inferences  drawn  from  the  conditions  of  matter  existent  '\c=^ 
both  Earth  and  Air,  and  not  at  all  demonstrated  facts:    ir_ 
deed  the  sources  of  aerial  electrification  and  terrestrial  ma^:-- 
netism  are  enveloped  in  a  dense  haze  through  which  ever  ^3- 
form  that  peers  is  seized  upon  and  investigated  to  wrenc  Jj 
from  it  anything  like  a  rational  theory.     Such  is  the  fore- 
going, and  such  also  is  a   theory — the  latest — that  wHlI  be 
presently  slated. 

There  is  no  reason  why  we  should  consider  the  range  of 
waves  coming  from  the  Sun  limited  to  those  observed:  in- 
deed experience  warrants  quite  the  contrary.  At  first,  light 
was  considered  simple — a  pure  white  emanation;  tlie  prism 
revealed  its  compound  nature,  and  the  undulatory  theory  as- 
signed to  [he  varied  refrangibility  specific  wave-lengths,  so 
that  wave-length  and  color  became  synonymous  terms;  but 
the  range  was  restricted  to  those  producing  visible  effecls- 
Then  the  long  dark  waves  below  the  red  were  discovered^ 
which  are  peculiarly  strong  in  thermal  effects;  and  next  pho- 
tography disclosed  the  short  and  equally  obscure  waves 
above  the  violet,  which  are  specifically  chemical  in  Ikir 
action.  Now  the  cathode  and  X  rays  are  becoming  promi- 
nent— extremely  short  waves  which  in  .themselves  (or  bv" 
transformation)  seem  especially  productive  of  electromag'- 
netic  effects. 

From  these  through  the  ultra-violet,  the  luminous,  aiK^ 
the  thermal,  the  wave-length  is  a  steadily  increasing  quar*' 
tity;  and  who  shall  say  that  beyond  each  -extreme  there  ar^ 
not  other  octaves  of  waves  without  limit — longer  and  shorte  *■ 
— and  producing  other  effects  than  those  with  which  we  ar^ 
at  present  familiar.'' 
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"  If  we  should  contend  for  a  transformation  of  what  we 
call  light  waves  into  eleclrical  and  magnetic  waves,  we  should 
be  in  line  with  the  present  tendency  of  scientific  thought, 
which  more  than  suspects  that  light  and  heat  and  electro- 
magnetic waves  do  not  differ  in  any  respect  except  in  regard 
to  length." 

This  is  the  statement  of  Prof.  John  Trowbridge  of  Har- 
vard University,  who  has  offered  the  latest  explanation  of  the 
magnetism  of  the  Earth,  an  outline  of  which  will  now  be 
given  in  extracts  from  his  writings: 

"  The  X  rays  are  now  believed  by  the  best  authorities  to 
be  magnetic  and  electrical  pulses  or  waves  of  extremely  short 
length.  In  the  spectrum  of  sunlight  formed  by  sending  a 
beam  through  a  prism  of  quartz,  the  X-ray  pulses  or  waves 
arc  to  be  found,  according  to  this  hypothesis,  beyond  the 


Fig.  is 


violet  color  of  this  spectrum — far  into  the  dark  region  invisi- 
ble to  the  eye,  and  only  brought  into  view  at  present  by  the 
aid  of  photography.  In  this  invisible  region  reside  many 
singular  manifestations  of  energy  closely  analogous  to  those 
of  the  X  rays.  .  ,  .  For  the  artificial  production  of  X  rays, 
a  bnlb  of  thin  glass,  Fig.  151,  exhausted  of  air,  is  used:  C  is 
a  concave  aluminum  mirror  and  A  a  plane  inclined  sheet  of 
latinum;  ^  is  a  small  chamber  containing  a  certain  chemical 
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which,  being  heated,  gives  off  a  small  amount  of  vapor,  that 
is  taken  up  again  on  cooling — this  controls  the  degree  of 
vacuum.  The  conduits  from  the  source  of  electricity  are  at- 
tached to  the  electrodes  P  and  .Y — platinnm  wires  soldered 
into  the  bulb.  The  source  of  electricity  may  be  of  various 
kinds,  the  principal  being  an  induction-coil  in  connection 
with  voltaic  cells,  or  a  number  of  Leyden  jars  charged  by  a 
storage-battery,  the  tfecliarge  being  one  after  another,  so  as 
to  obtain  a  'high  electromotive  force.  .  .  .  This  method  is 
a  very  flexible  one — being  capable  of  experimenting  over  a 
range  of  electrical  pressure  from  twenty  thousand  votts  to 
three  million;  the  spark  from  the  latter  is  over  six  feet  in 
length. 

"  In  the  bulb,  the  discharge  passes  between  the  mirror  C 
and  plane  A,  and  the  X  rays  are  thrown  off  from  the  latter 
they  are  not  reflected  in  the  ordinary  sense  of  the  term,  I 
the  electric  rays  converge  from  the  mirror  C  to  a  spot  ontl 
plane  A  which  glows  with  a  red  heat,  and  the  X  rays  e 
from  the  heated  spot  as  if  it  were  their 'source.  .   .  . 

"  At  one  time  I  supposed  that  the  rays  were  highly  aM 
sorbed  in  passing  through  atmospheric  air,  and  that  it  woUW 
be  an  improvement  to  interpose  a  vacuum-chamber  between 
the  body  and  the  source  of  the  X  rays.  .  .  .  The  vacniii"" 
chamber  consisted  of  a  glass  cylinder  three  feet  long  and 
about  eight  inches  in  diameter,  closed  at  the  ends  by  sheeH 
of  alumiuLim,  which  gives  free  passage  to  the  rays.  .  .  .  This 
cylinder  having  been  exhausted,  was  placed  between  the 
X-ray  bulb  and  the  arm:  it  was  speedily  seen  that  the  absorp- 
tion of  the  layer  of  air  three  feet  thick  [when  the  exhausted 
cylinder  was  noi  interposed]  could  not  be  detected  either  by 
photographs  or  the  fluorescent  screen.  The  glass  cylinder 
was  then  filled  with  rarefied  hydrogen,  but  no  advantage  was 
apparent. 

"  If  the  photographs  of  the  human  hand  were  taken,  one 
through   the  rarefied  cylinder  and  the  other  through  ^n 
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equivalent  thickness  of  air,  no  difference  in  clearness  of  defini- 
tion could  be  perceived.  The  amount  of  absorption  by  a  col- 
umn of  air  three  feet  in  length  is  less  than  ten  per  cent.  This 
result  shows  the  remarkable  iliiTerence  between  the  X  rays 
and  the  cathode  rays;  for  the  latter  are  greatly  absorbed  by 
the  atmosphere,  heing  reduced  in  passing  through  six  inches 
of  air  to  one  four-hundredth  part  of  their  value.  The  small 
amount  of  absorption  of  the  X  rays  lifts  them  into  the  realm 
of  very  short  wave-lengths  of  hght,  for  their  behavior  in  re- 
gard to  the  absorption  by  air  is  very  analogous  to  that  of 
ultra-violet  rays. 

"  Although  the  vacuum-chamber  through  which  I  looked 
showed  no  absorption  of  X  rays,  still  it  disclosed  a  beautiful 
phenomenon.  If  the  finger  were  brought  near  the  glass  walls 
ol  the  cylinder,  a  stream  of  light  apparently  emanated  from 
a  point  on  the  inside  wall  of  the  cylinder.  The  hand  thus  had 
ghostly  streamers  giving  an  image  of  il,  although  the  hand 
iiself  was  invisible. 

"  These  banners  of  hght  could  be  diverted  in  any  direc- 
lion  by  the  hand  or  by  any  conducting  l>ody  brought  near, 
and  gave  a  vivid  conceplioii  of  how  the  streaming  of  the 
aurora  can  be  brought  about  by  the  flitting  of  conducting 
clouds  or  the  drifting  of  moisture-leaden  strata  of  air  l>eIow 
'fie  rarefied  space  in  which  the  beams  of  the  N'orthem  Light 
'lart  back  and  forlh.  Both  in  the  case  of  the  vacuum-tube 
^nd  the  aurora  these  streamers  are  produced  by  electrical 
'"scliarges  through  rarefied  air.  Tlie  experiments  show  that 
t'utside  the  vacuum  or  Crooke's  tube  there  is  a  strong  elec- 
'ical  attraction  and  repulsion,  which  is  only  revealed  in  dark- 
"PSs  and  in  a  cold,  lifeless,  airless  space,  such  as  exists  be- 
^^'een  us  and  the  Sun.  Can  we  not  extend  our  thoughts 
''^otn  the  contemplation  of  the  laboratory  experiment  to  that 
"'  llie  immensely  greater  play  of  electrical  forces  between  the 
l^srth  and  the  Sun  across  the  immense  vacant  space  -ninety 
millions  of  miles  in  distance?  .  .  . 


I82 


ELECTRICAL   AND   MAGNETICAL   PHENOMENA. 


"  When  the  Crooke's  tube  is  excited,  we  are  conscious  o( 

a  mysterious  activity  within  it,  for  its  glass  walls  glow  with  a 

phosphorescent  light,  and  if  crystals,  like  the  diamond  oi — 

ruby,  are  placed  in  the  lube,  this  phosphorescent  light  is  vivid 

Outside  the  tube,  in  free  air.  these  luminescent  effects  are  alsiK_ 
present.  The  air  is  under  an  electrical  strain,  which  is  show^ 
by  the  auroral  streamers  when  this  air  is  rarefied,  and  an  el« 
trical  charge  can  not  be  maintained  on  a  pith-ball — it  is  dis 
sipated  in  some  strange  maimer.  Still  stranger,  an  electricj 
current  is  greatly  aided  by  the  X  rays  in  its  endeavor  lo  pas 
through  air — they  make  the  air  temporarily  a  conductor. 

'■  Furthermore,  these  rays  separate  the  air  into  positive^ 
laden  and  negatively-laden  particles. 

"  The  electrical  discharge  in  the  Crooke's  tube  is  many 
sided  in  its  manifestations.  Its  energy  seems  all-pervading 
in  the  room  where  it  occurs.  Before  the  discharge  passes 
through  the  rarefied  space  in  the  tube,  its  energy  manifests 
itself  by  a  crackling  spark — a  miniature  lightning  discharge. 

"  This  spark,  five  or  six  inches  in  length,  can  send  out^ 
magnetic  waves  which  extend  far  beyond  the  narrow  liraitlj 
of  the  room.  They  can  be  detected  by  the  methods  of  wire 
less  telegraphy  fifty  miles.  When  the  same  amount  of  ener^ 
is  developed  in  a  Crooke's  tube,  the  magnetic  waves  hardn 
pass  beyond  the  walls  of  the  room,  and  the  phenomenon  0 
phosphorescence  and  fluorescence  and  the  strange  molecular 
effects  outside  the  Crooke's  tube  spring  into  prominence. 
The  crackling  spark  outside  the  tube  is  far-reaching  in  its 
effects,  yet  it  shows  no  signs  of  the  X  rays,  its  light  can  not 
penetrate  the  hnman  body,  it  excites  only  a  feeble  phos- 
phorescence at  a  distance  of  even  two  or  three  feet,  while  the— 
same  energy  excited  in  the  Crooke's  lube  can  cause  huniiu 
«scence  at  a  distance  of  twenty  feet.   .  .  . 

■'  \^'hen  we  consider  these  experiments  [made  by  ProF. 
Trowbridge  and  which  it  were  needless  to  recount],  we  see 
that  the  X  rays  act  toward  phosphorescent  matter  much  as 


le  thfi_ 
Lunid^l 

Tj r^ 


^ 


THE   MAGNETISM   OF   THE   EARTH.  183 

the  Spark  in  air  behaves  toward  the  photographic  plate.  Now 
these  resuUs,  taken  in  connection  with  the  strong  electrical 
effects  in  the  neighborhood  of  an  excited  Crooke's  tube,  point 
to  a  certain  connection  between  phosphorescence  and  elec- 
tricity. Can  it  be  that  the  strange  light  is  excited  by  very 
short  electrical  waves  sent  ont  from  the  tul^e,  which  can  not 
travel  far,  bnt  are  verj'  active  in  producing  molecular  effects? 
This  activity,  inileed,  may  prevent  their  extending  to  great 
distances. 

"  Wireless  telegraphy  evidently  depends  upon  one  set  of 
waves  sent  out  by  a  spark,  and  X-ray  photographs  upon  an- 
other set  developed  only  in  rarefied  air.  Phosphorescence 
can  not  be  produced  with  ease  by  the  spark  in  air.  On  the 
contrary,  it  is  developed  to  a  remarkable  degree  and  at  com- 
paratively great  distances  by  the  discharge  in  rarefied  air.  It 
has  been  shown  that  electrical  force  can  develop  phosphores- 
cent light  in  crystals:  the  sunlight  can  do  the  same:  is  sun- 
light an  electrical  phenomenon?  That  it  is,  constitutes  the 
greatest  hypothesis  in  physics  of  this  century.  .  .  . 

"  Besides  the  photographic,  the  phosphorescent,  and  the 
fluorescent  effects,  there  are  still  more  singular  properties 
of  the  X  rays.  One  of  the  most  striking  is  that  they  open  a 
path  for  a  current  of  electricity.  The  electrical  discharge, 
feeble  in  itself,  not  capable  of  lifting  by  means  of  a  motor  a 
pound  weight  a  foot  from  the  floor,  is  yet  competent  to  open 
a  path  for  a  current  which  can  set  all  the  troyey-cars  of  a 
great  city  in  motion.  To  e.xhibit  this  mysterious  effect  we 
bring  the  ends  of  the  electrical  current  which  we  wish  to 
excite  near  each  other,  but  not  touching,  in  a  glass  tube  with 
thin  walls,  from  which  the  air  has  been  exhausted. 

"  When  the  X  rays  fall  on  the  gap  between  the  wires,  the 
electrical  current  immediately  Jumps  across  the  gap  with  a 
vivid  lig'ht.  We  have  here  the  mechanism  of  an  electrical 
relay — the  feeble  energy  of  the  electrical  discharge  [that] 
can  call  into  play  a  giant  energy.     By  what  energy  does  it 
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accomplish  this?  Is  it  by  compelling  molecules  to  put  them- 
selves in  line,  so  that  the  electrical  current  can  bridge  the 
gap?  .  .  .  Another  far-reaching  manifestation  is  this:  the 
rays  can  separate  the  air  or  a  gas  into  its  constituent  particles 
much  as  a  strong  electrical  current  separates  water  into  oxy- 
gen and  hydrogen. 

"  They  can  communicate  electrical  charges  to  these  par- 
ticles— positive  and  negative  charges.  The  charged  air- 
particles,  when  forced  through  partitions  of  spun  glass,  do 
not  give  up  their  electricity  as  they  do  when  they  are  charged 
by  an  electrical  machine.  This  curious  manifestation  leads 
me  to  suspect  that  the  electricity  and  magnetism  of  the  Earth 
may  be  caused  by  an  X-ray  effect  on  our  atmosphere. 

**  The  Sun  and  the  Earth  are  separated  like  the  terminals 
of  a  Crooke's  tube — two  conductors  with  a  vacuum  between. 

**  An  electrical  excitation  from  the  Sun  may  cause  an 
electrical  discharge  between  it  and  the  Earth:  this  discharge 
might  ccMisist  of  an  X-ray  effect  which  could  separate  the 
upper  layers  of  the  atmosphere  into  positive  and  negative 
oliarj^es.    The  vekx-ity  of  the  negatively  charged  particles  is 
j^reator  than  that  of  the  {positively  charged  ones,  and  the 
rovolntion  of  the  Earth  may  cause  such  a  movement  of  these 
cloctrifuMl  particles  that  electrical  currents  may  be  generated 
whiih  in  circulation  rounil  the  Earth  could  produce  the  ob- 
sor\  ctl  niaj^notism  toj^ether  with  the  auroral  lights.    This,  I 
\\\\\  well  aware,  is  an  audacious  theory — certainly  a  vast  ex- 
Irnsion  kA   the  laboratory  ex|>eriments  described;    but  the 
cirri rioal  radiations  ilevelopetl  in  electrical  discharges  areas 
coniprlcnt  ti>  proiluce  |V>werful  magnetic  whirls  as  the  heat 
i.uli.uions  in  lun*  atmosphere  to  develop  cyclones.     In  the 
Inwti  irKi**^^^  *^f  ^^"^'  atmosphere  the  air  is  an  insulator,  like 
i;|.i','.  to  the  passajLiO  of  an  electrical  current:   a  layer  a  foot 
ihiiK  \M\  piovent  the  oiroulation  of  the  inost  powerful  ciir- 
II  Ml  now  tiMMl  to  ijenorato  liorse-|xnver.    When  this  air-space 
i..  i.Hrhnl  ti>  s\  riMtain  doi^roe,  the  current  passes,  especially 
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if  the  space  is  illuminated  by  X  rays.  When,  therefore,  we 
ascend  to  a  heiglit  of  ten  or  twenty  miles,  the  rarefied  air 
becomes  an  excellent  conductor  of  high  electromotive  force. 
"  To  my  mind  the  conditions  e.xist  for  developing  an  elec- 
trical state  in  the  Earth's  covering  of  air,  which  is  competent 
to  explain  the  electrical  manifestations  of  the  air,  the  auroral 
jjleam,  and  the  effect  on  the  compass  which  directs  it  to  the 
magnetic  north.  .  .  , 

"  The  Sun,  although  it  probably  does  not  electrify  our  at- 
mosphere as  one  charged  pith-ball  electrifies  another,  or  pro- 
duce the  magnetism  of  the  Earth  as  one  magnet  induces 
magnetism  in  a  piece  of  iron  or  steel,  is  undoubtedly  con- 
cerned in  both  the  electrical  state  of  our  atmosphere  and  the 
magnetism  of  the  Earth.  ,   .  . 

"  It  has  lately  been  discovered  that  X  rays  have  the  prop- 
erty of  communicating  an  electric  charge  to  conductors.  If, 
therefore.  X  rays  reach  the  Earth  from  the  Sun,  they  are 
competent  to  give  an  electric  charge  to  our  atmosphere.  The 
side,  therefore,  of  the  Earth  turned  toward  the  Sun  would 
receive  a  charge  in  the  upper  good-conducting  regions  of  the 
air.  This  charge  would  tend  to  dissipation;  and  there  would 
be  a  How  of  electricity  toward  the  side  of  the  Earth  not 
turned  to  the  Sun.  The  rotation  of  the  Earth  on  its  axis  from 
west  to  east  would  bring  forward  at  each  revohition  fresh 
regions  of  the  upper  air  to  receive  the  electrical  charging 
from  the  Sun. 

■■  There  would  he  an  accumulation  of  electricity  on  one 
side  of  the  Earth  and  a  diminution  on  the  other.  The  condi- 
tions of  equalization,  or  fiow  of  electricity,  might  be  deter- 
mined by  the  rotation  of  the  Earth.  If  this  flow  look  place 
from  east  to  west,  and  were  sufficiently  powerful,  it  would 
produce  the  magnetic  poles, 

"  It  has  been  found  that  air  submitted  to  the  action  of  the 
X  rays  continues  for  some  time  to  manifest  their  influence, 
We  should,  therefore,  expect  a  fall  of  electric  pressure  be- 
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tween  the  regions  just  entering  into  daylight  and  those  in 
hill  glare  of  the  Sun. 

"  This  condition  would  direct  the  resulting  electric  cur-" 
rent  from  east  to  west.     By  means  of  this  theorj-  we  have 
substituted  for  a  tremendous  action  at  a  distance,  namely,  an 
electrified  pith-ball  effect,  or  an  action  of  a  great  magnet,  an 
action  from  point  to  point  by  means  of  waves  from  the  Sun. 
.  .  ,  The  North  Pole  of  the  Earth  is  just  within  the  Arctic 
Circle,  the  South  Pole  is  south  of  Tierra  del  Fuego:  ihere- 
fore.  they  are  a  great  distance  apart.     If  the  Earth  were  com- 
posed of  steel,  and  were  magnetized  permanently  in  the  be- 
ginning, it  would  be  impossible  that  two  ]H)les  should  occur 
eight  thousand  miles  apart.     There  would  be  other  poles,  or 
what  are  called  consequent  poles,  between  the  north  pole  of 
the  Earth  and  the  south  pole.    The  two  poles  of  the  Earth 
must  be  due  to  what  is  termed  a  solenoidaJ  action,  that  v. 
action  similar  to  that  which  a  current  of  electricity  exerts  il 
circulating  through  a  coil  of  wire.    A  north  pole  can  be  n 
moved  from   a  south   pole   by  this  arrangement  as  far  a 
desired;    while  the  longest  permanent  magnet  that  can  ti 
made  is  barely  three  feet  in  length.     The  distance,  therefon 
between  the  magnetic  poles  of  the  Earth  is  a  strong  argif-* 
ment  in  favor  of  the  Theory  that  they  are  produced  by  elec- 
trical currents  circulating  about  the  Earth.  .   .  , 

"  The  theory  promulgated  above  supposes  that  such  cur- 
rents result  from  the  conversion  of  the  shortest  waves  of  liglil 
into  electricity,  and  that  the  flow  is  brought  about  by  the  rota- 
lion  of  the  Earth.  This  theory  demands  a  high  state  of  eleq 
trification  of  the  upper  regions  of  the  air.  and  great  conducB 
hility  in  these  regions:  thunder-storms  are  evidence  of  t 
former;  and  the  increased  conductibility  of  rarefied  air,  uptj 
a  certain  limit,  can  be  abundantly  shown. 

'■  One  of  the  most  striking  methods  I  have  employed  W 
show  this,  consists  in  connecting  a  battery  of  ten  thousand 
storage-cells  to  two  terminals  which  are  separated  by  a  space 
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of  six  inches  of  air.  When  the  air  is  exhausted  from  the  space 
hetween  these  terminals  to  the  degree  of  rarefaction  which 
exists  about  six  miles  aliove  the  surface  of  the  Earth,  the  cur- 
rent from  the  battery  leaps  across  the  space  with  the  grealei^t 
ease.  Indeed  it  is  conducted  by  the  rarefied  medium  alino.st 
as  well  as  if  this  medium  were  a  metal  like  copper." 

When,  more  than  twenty  years  ago.  Prof.  Crookes  gave 
prominence  to  electrica!  tUscharges  in  vacuum-tubes,  he  con- 
sidered the  luminous  effects  due  to  particles  of  gas  which 
liecame  electrified  by  contact  with  the  negative  pole  (or 
(cathode),  and  were  then  shot  off  in  straight  lines — the 
cathode  rays.  When  these.  Fig,  151,  impinge  on  the  plat- 
inum plate  A  (the  anode  or  anti-cathode),  a  new  kind  of  radi- 
ation seems  to  start  from  the  point  of  impact — the  Kontgen 
or  X  rays- 

That  the  cathode  rays  are  really  due  to  streams  of  lumin- 
ous electrified  particles — whether  individual  atoms,  single 
molecules,  or  aggregations  of  matter — is  proven  by  placing 
a  small  aluminum  wheel  in  their  path:  it  will  be  driven  from 
the  cathode;  on  the  other  band,  when  this  wheel  is  drawn 
from  the  middle  line  of  the  tube  toward  either  side,  it  will  be 
moved  from  the  anode,  showing  that  there  is  a  stream  of  pos- 
itively charged  particles  from  that  pole:  it  is  a  complete  cir- 
cuit—aZ/cr  c/  r(\our — with  the  negatively  charged  motes  hav- 
'ig  much  the  higher  velocity;  they  will  bore  minute  holes  in 
3  block  of  quicklime  in  their  course  and  raise  it  to  beautiful, 
I'filliant  luminosity. 

What  are  the  Rijntgen  rays  that  arise  from  these  cathode 
Wms?  The  most  generally  accepted  theory  is  that  they  are 
^tteiuely  short  ether-waves,  in  all  respects  like  those  of 
'ighl.  only  so  much  shorter  than  even  the  most  ultra-violet 
^3ves,  that  they  readily  pass  through  the  interstices  of  the 
il'imaic  particles  of  matter.and  therefore  can  not  be  refracted 
Of  easily  absorbed  by  any  substance.  .Another  explanation 
[from  Prof.  Swinton  in  Nature]  is :    Each  cathode-ray  atom 
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carries  a  negative  charge,  while  the  anti-cathode  is  positively 
charged,  so  that  when  the  two  come  into  contact  an  electrical 
discharge  will  take  place:  an  electrical  oscillation  will  thus 
take  place  in  the  atom  just  as  in  the  brass  balls  of  a  Hertz 
oscillator,  and  transverse  electromagnetic  waves  will  be  prop- 
agated through  the  ether  in  all  available  directions. 

But  they  are  otherwise  variously  accounted  for.  although 
the  explanations  given  above  seem  the  most  reasonable;  in 
fact,  the  unknown  quantity  has  not  yet  been  removed  from 
the  prohleni-^they  are  still  the  X  rays, 

87.  Local  masses  of  magnetic  ore  and  rocks. — The 
smallest  experience  witli  magnetic  instruments  over  even  a 
very  restricted  area  will  disclose  the  existence  of  ores  in 
ledges,  beds,  and  strata  that  produce  abnormal  deflections; 
this  aside  from  the  well-known  effect  of  volcanic  matter:  a 
genera!  examination  of  all  such  is  not  intended  in  this  article 
— only  the  citation  of  a  few  typical  cases,  to  give  point  to  tlie 
statement  that  it  is  most  probably  immense  masses  or  moun- 
tains of  magnetic  ore,  irregular)y  distributed,  that  make  of 
the  Earth  an  (msymmetrical  magnet. 

Near  Zell  in  Germany  there  is  a  ridge  whose  whole  easl- 
ern  slope  presents  magnetic  polarity  of  one  kind,  and  western- 
slope  polarity  of  the  other;  it  is  composed  of  layers  through 
which  particles  of  iron  are  strewn  that  may  be  picked  out  by 
a  magnet  on  pulverizing  the  ore:  the  ridge  acts  upon  a  com- 
pass thirty  feet  away. 

In  Enderhy  Island,  Ross,  during  his  Antarctic  voyage, 
found  two  stations  not  a  hundred  feet  apart  where  the  dip 
differed  11°;  the  rocks  had  a  peculiar  ferruginous  appear- 
ance, and  on  approaching  pieces  to  a  delicate  compass,  they 
turned  it  rotmd  and  round  as  swiftly  as  the  hand  could  move; 
they  were  powerfully  magnetic,  the  poles  depending  on  their 
direction  with  reference  to  the  magnetic  meridian. 

Recently,  near  Pulkowa.  Russia,  the  extreme  values  of 
the  three  magnetic  elements  at  fifteen  stations  scattered  over 
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an  area  of  one  square  kilometre  were:  Variation,  from  +  58° 
to  —  43°,  or  a  total  of  ioi°;  Dip,  from  79°  to  48°,  or  a  totai 
change  of  31°;  and  horizontal  intensity  from  0.166  to  0,589 
C.G.S.  units,  or  a  change  of  0.423  C.G.S.  units. 

In  1885,  a  British  surveying  vessel  experienced  a  steady 
deflection  of  30°  off  the  N.W,  coast  of  Australia,  although  the 
line  of  "  no-variation  "  passes  in  the  vicinity,  and  the  extreme 
of  5°  E.  var.  to  5°  \V.  var.  covers  that  section  of  coast.   In  1890, 
in  the  same  locality,  another  vessel  found  a  deflection  of  22°. 
The  ship  was  immediatly  anchored,  and  some  hours  of  the 
following  day  spent  in  investigating  the  matter:    on  Bezut 
Id.  itself,  the  absolute  values  of  the  Variation  and  Dip  were 
normal,  the  dip  being  SO'"  S.;   but  at  a  jrosition  N.  79°  E., 
distant  2.14  miles  from  Bezut  Island,  the  Dip  was  observed 
on  board  to  be  83°  S.  with  a  very  small  deflection  of  the  com- 
pass.    \X  900  feet  west  of  this  the  Dip  was  normal,  and  it 
decreased  rapidly  as  the  center  was  quitted  in  any  direction. 
At  about  one  hundred  feet  south  of  the  center  of  disturbance 
thecompass  was  deflected  55°,    This  was  the  maximum,  but 
tile  compass  was  disturbed  over  an  area  of  a  square  mile. 
Tlie  general  depth  of  water  in  this  area  was  nine  fathoms, 
liottom.  quartz  sand.     The  observation  of  the  magnetic  ele- 
iients  at  Cossack  and  the  neighborhood  showed  little  or  no 
'listurbance  from  local  magnetic  causes. 

It  is  therefore  evident  that  the  distnrbances  were  due  to 
"magnetic  minerals  at  the  bottom  of  the  sea. 

Capt.  Rogers  of  the  Steamship  Coronllla  states  that  in 

'Sgfj,  while  on  the  east  coast  of  Sweden,  on  approaching 

Hafringe   Lighthouse,   bearing   N.N.W..   distant   six   miles. 

"if  standard  compass  suddenly  started  swinging  over  an  arc 

■    0'  sixteen  points.     On  mentioning  this  to  the  Pilot,  he  told 

;    liimof  a  19-fathom  patch  on  that  bearing  and  distance  which 

1!    W  been  found  to  affect  compasses  in  that  way;    and  that 

iwih  the  bank  and  its  effects  are  noted  on  Swedish  charts. 
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The  sea  was  smooth  at  the  time  uf  observing  the  compass 
start  swinging. 

As  a  fitting  close  to  this  Section,  1  will  quote  the  follow- 
ing from  a  lecture  by  Prof.  A.  W.  Rucker,  F.R.S.,  delivered 
in  1897  in  the  Senate  House.  Cambridge,  England. 

"  The  Declination  [Variation]  is  greater  in  Ireland  than 
in  England;  but  the  increase  is  not  uniform  as  we  pass 
from  one  country  to  the  other:  in  fact  in  some  districts 
an  abnormally  large  increase  is  followed  by  a  decrease. 
These  curious  inequalities  must  be  due  to  local  disturl)- 
ing  forces,  and  the  large  number  of  observations  which  have 
been  made  in  this  country  have  enabled  us  to  determine 
with  more  than  usual  accuracy  the  magnitude  and  direction 
which  the  magnetic  forces  would  assume  if  they  were  undis- 
turbed by  any  local  cause;  and  from  the  difference  between 
things  as  they  then  would  be.  and  things  as  they  actually  are. 
we  can  calculate  the  magnitude  and  direction  of  the  disturb* 
ing  forces  themselves.  When  these  are  represented  on  a 
map,  it  is  found  that  there  are  large  districts  in  which  ihc 
horizontal  disturbing  forces  act  in  the  same  direction;  in  one 
region  the  north  pcie  of  the  needle  will  be  deflected  to  the 
east,  in  another  to  the  west,  and  as  we  pass  from  one  of  these 
districts  to  the  other,  we  always  find  that  at  the  boundarv. 
the  downward  vertical  force  on  the  north  pole  of  the  neeJIc 
reaches  a  maximum  value.  We  are  thus  able  to  draw  upon 
the  map  lines  toward  which  the  north  pole  of  the  neeillf  i^ 
attracted.  It  is  found  that  the  lines  can  be  traced  without 
any  possible  doubt  through  distances  amounting,  in  some 
instances,  to  a  couple  of  hundred  miles.  The  key  to  thiscun- 
ous  fact  is  furnished  by  observations  in  the  neighborhood  oi 
great  masses  of  basait  or  other  magnetic  rocks.  If  these  were 
magnetized  by  the  induction  of  the  Earth's  magnetic  fielil. 
the  upper  portion  of  them  would,  in  this  hemisphere,  attrael 
the  north  pole  of  the  needle:  and  it  is  found  that  where  large 
masses  of  basalt  exist,  the  north  pole  of  the  needle  is,  as  a 
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matter  of  fact,  attracted  towards  them  from  distances  wliich 
may  amount  to  fifty  miles. 

"  The  thickness  of  the  sheets  of  hasalt  is  in  most  cases  too 
small  to  furnish  a  complete  explanation  of  the  observed  facts, 
but  it  is  quite  possible  that  these  surface  layers  of  magnetic 
matter  are  merely  indications  of  underground  protuberances 
of  similar  rocks  from  which  the  surface  Sheets  have  been  ex- 
truded. .  ,  -  From  the  neighborhood  of  Reading  a  magnetic 
ridge-line  runs  southward,  entering  ihe  [English]  Channel: 
M.  Moureaux  has  discovered  the  continuation  on  the  French 
coast  near  Dieppe  and  has  traced  it  through  the  north  of 
France  to  some  fifty  miles  south  of  Paris. 

■■  The  energy  which  is  now  being  displayed  by  magnetic 
surveyors  in  many  countries  will  no  doubt  before  long  prove 
that  the  network  of  these  magnetic  ridge-lines  is  universal. 

"  At  all  events  we  may  hope  that  amid  the  flux  and 
change  of  magnetic  forces,  we  may  have  found  in  these  ridge- 
lines  physical  features  of  the  country  as  permanent  as  the  hills 
themselves.  ,  .  . 

"  Magnetic  problems  are  still  surrounded  by  doubt  and 
difficulty — with  questions  which  can  only  be  answered  by  the 
combined  work  of  many  men,  it  may  be  of  many  generations. 
...  It  is  true  that  on  some  of  these  matters  we  are  gradually 
acquiring  definite  knowledge:  but  greater  questions  which 
lie  behind  these  are  still  unanswered." 


CHAPTER    VII. 
THE    MAGNETIC    ELEMENTS    OF    THE    EARTH. 


Section  One :   Terrestrial  Magnetism  Illustrated  and  Defined  by 
Lines  of  Variation,  Dip,  and  Intensity, 

88.  The  ethereal  atmosphere  and  its  surgings.— The 
Earth  has  two  distinct  atmospheres — one  of  air,  the  other  of 
ether:  both  occupy  the  same  space;  they  commingle  but  do 
not  interfere;  they  affect  wholly  distinct  instruments,  and  yet 
each  has  movements  not  unlike  the  other,  and  due  in  pari  lo 
the  same  cause. 

Constant  agitation,  periodic  and  accidental,  characterizes 
both;  w'hile  lime  and  place  give  a  kind  of  local  color  to  every 
fluctuation.  j 

Over  a  very  wide  belt  of  equatorial  regions  there  is  a  reg-  ■ 
ular  ebb  and  flow  of  the  air — two- daily  maxima  and  minima, 
as  indicated  by  the  rise  and  fall  of  the  barometer;  and  so  over 
the  same  region  there  is  a  like  movement  of  the  ether  as 
shown  by  the  deflections  of  a  magnetic  needle  east  and  west 
of  its  mean  position — two  daily  maxima  and  minima. 

Beyond  this  belt,  in  both  air  and  ether,  there  are  disturt^ 
ances  of  an  irregular  nature,  increasing  in  amount  as  W* 
approach  either  Pole. 

Cyclones  rend  the  air,  and  in  the  ether  we  have  those  ^H*^ 
lent  magnetic  commotions  that  occur  coincidently  with  som* 
flaming  outburst  on  the  Sun. 

Hurricane  maxima  are  confined  to  summer  months,  at"' 
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greatest  number  of  magnetic  disturbances  to  every  tenth 
i-both  periodic. 

p  addition  to  these  analogies,  there  is  in  the  ether  that 
\  but  well-marked  movement  which  waxes  and  wanes  in 
jar  day  like  the  tides  of  ocean;  the  moderate  perturba- 
i(*hat  accompany  auroral  displays;  and  that  grand  raove- 
i  whose  cycle  requires  hundreds  of  years  to  complete. 
"be  ether  atmosphere  is  in  truth  like  the  air  and  sea, 
\  up  of  billows,  waves,  and  ripples;  and  it  is  their  move- 
j  that  magnetic  instruments  record. 
p.  The  direction  io  space  of  a  freely  suspended  needle. 
^knitting-needle  be  suspended  by  a  silken  fibre  attached 
\  center  of  gravity,  it  will  move  about  freely  and  at  last 
I  to  rest  without  preference  for  any  direction;  its  mass 
linietrically  distributed  around  the  point  of  suspension, 
herefore  no  force  acts  to  cause  it  to  take  one  position 
r  than  another. 

bit  place  the  ■needle  between  the  poles  of  a  horseshoe 

Dmaghet  and  start  the  current  for  a  few  seconds:   now 

K  the  electromagnet  and  let  the  needle  hang  by  its 

il  will  not,  as  previously,  be  indifferent  as  to  direction, 

ill  take  a  definite  one.  from  which  it  can  be  moved  only 

ight  effort,  and  to  which  it  will  quickly  return  when 

:se5. 

pew  condition  has  been  imparted  to  the  needle  by  the 

fie  shock,  and  it  is  now  a  magnet  wholly  under  the  influ- 

the  Earth's  magnetism. 

this  needle,  suspended  as  before,  be  carried  to  different 

IS  on  the  globe,  its  direction  and  the  force  holding  it  in 

irection  will  vary  from  place  to  place.    The  magnetism 

needle   may  be   considered  constant   during  such   a 

',  so  that  the  experimental  results  present  a  compara- 

of  the  Earth's  magnetic  condition. 
Variation,  Dip,  and  Intensity  defined. — The  needle 
freely  in  space,  and  its  direction  is  defined  by  reference 
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to  coordinate  planes.  To  be  explicit,  consider  Fig.  152:  f 
is  a  site  of  observation,  say  S^n  Francisco;  the  needle  takes 
the  direction  KS  (its  lower  half,  FiV,  need  only  be  consid- 
ered, for,  with  obvious  modifications,  everything  stated  re- 
garding it  becomes  equally  applicable  to  the  upper  half,  F5); 
HFN  is  the  vertical  plane  through  the  needle  NS^  and  3/fff 
the  horizontal  plane  at  F;  F//,  the  projection  of  FU  into  the 
horizontal  plane,  is  the  magnetic  meridian,  into  which  the 
needle  would  settle  if  a  suitable  weight  were  placed  on  its 
upper  end  5,  to  balance  the  force  of  terrestrial  magnetism; 
MF  is  the  geog^raphical  meridian,  making  the  angle  J/Wf 
with  the  magnetic  meridian. 


T. 


Fig.  152. 


The  angle  HFS  is  called  the  Dip — it  defines  the  direction 
of  the  needle  with  reference  to  the  horizontal  plane,  and  its 
present  value  at  San  Francisco  is  62 "^  20':  the  angle  3/FH  is 
called  the  \'ariation — it  defines  the  direction  of  the  needle 
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1  reference  to  the  vertical  plane  through  the  geographical 
Eeridiaii  of  the  place,  and  at  present  the  f'rojcction,  FH,  of 
the  needle  on  the  horizontal  plane  has  a  variation  of  16°  42' 
east  of  the  true  meridian  of  San  Francisco;  both  these  angles 
■  received  other  names,  but  Variation  and  Dip  are  fa- 
^liar  to  the  seaman  and  will  alone  be  used  throughout  this 


The  force  that  holds  the  needle  in  the  direction  SN  is 
^led  the  Total  Intensity,  and  this  with  the  Variation  and 
Kp  completely  define  the  magTielic  condition  of  the  Earth 
at  any  point  and  date  for  which  they  are  obser\-ed:  they  con- 
stitute the  Magnetic  Elements.  The  total  intensity  at  pres- 
ent at  San  Francisco  is  0.54  dyne. 

L  91.  A  concrete  idea  of  Intensity — merely  an  illustra- 
■dh.—Ih  passing,  it  may  be  said  that  magnetic  intensity  can 
%e  represented  by  a  weight — gravity  balanced  against  mag- 
netism. If  small  weights  be  attached  to  the  needle  at  S  until 
it  turns  from  its  natural  direction  into  one  at  right  angles 
tthereto  (still  in  the  vertical  plane),  the  sum  of  these  will  be  in 
^builibrium  with  the  total  attractive  force  of  the  Earth,  and 
Re  (so  to  speak)  the  weight,  in  parts  of  a  gramme,  of  that 
force;  at  other  stations,  different  weights  will  be  required  to 
produce  the  same  effect,  viz.,  rotate  the  needle  in  the  vertical 
plane  to  a  position  at  right  angles  to  its  natural  direction, 
md  thus  we  may  obtain  the  relative  weights  of  magnetic  in- 
nsity  for  as  many  stations  as  we  please. 
Similarly,  if  only  sufficient  weight  be  applied  to  turn  the 
die  at  each  station  into  the  horizontal  position.  HH',  these 
^ghts  also  would  vary  from  point  to  point  of  the  Earth,, 
^tld  they  would  indicate  the  relative  Vertical  Intensity  of 
those  points;  the  weight  at  any  station  might  be  represented 
by  the  line  NH. 

And  if,  at  each  station,  while  the  needle  lay  horizontally 
i  the  magnetic  meridian,  FH,  a  silk  fiber  were  attached  to 
I  end,  at  H,  and  passed  over  a  delicate  little  wheel  at  the 
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side,  and  weights  were  suspended  from  the  free  end  of  the 
fiber  until  the  needle  were  drawn  into  a  position  in  the  hori- 
zontal plane  at  right  angles  to  the  magnetic  meridian,  the 
weights  so  attached  would  differ  from  station  to  station,  and 
they  would  denote  the  relative  Horizontal  Intensity  at  the 
stations;  the  weiglit  at  any  station  might  be  represented  by 
the  line  FH. 

Table  i  contains  the  magnetic  elements  for  various  cities, 
widely  distributed,  -and  it  will  be  noted  how  much  they  differ 
from  one  to  the  other. 

Table  1. 

magnetic   elements  (approximately) 
for  the  year  1900. 


Inteiuitr  in  C.G.S. 


»  York.. 


Wasliinei"".  D.  C -t   35  W. 

i^iui   Kranrisco,  Cal....  16    4*   E- 

;-ily  ..f  Mexico S   00  E. 

^l,  l'el<Tsl>urg.  Russia.,  o   30  H- 

I'uris    Kruiict 14   30  «■ 

l..,M.l..n.  England .(,    u,  \V. 

R^.i,.,.,  lul>- 10  "J*^,- 

'■•"';'■  H;';:, 1%^-- 

liMkiena  Island ^S   ^  W. 

ri,,rT"Wi.,  So.  Africa...  29    24  W. 

<v,'|.,rv.Aus.r3ha.-.,..  9    36  E. 

||,.li,ii("W".  lasmania..  25    <»  *■- 

Aini'iK=J   according  10  values  ■ 


0.1023 
0.5507 

0-3393 
0.1581 

O.IQQI 
O.I84I 
0.1334 

0.3462 
0.36IO 


0.5731 
O.S650 

0-3395 

o.4Sja 
o.4aS7 
0.4369 
0.3316 


0.3054 
0.5067 
o.6o;q 


if  the  Total  Intensity  fro 


mil. 

It  lu't'd  bardiv  lie  said  that  the  intensity  is  nol  determined 
.  ilcscrilicd  ;ihove — that  was  merely  for  illustration. 
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to  convey  an  idea  beyond  the  mere  abstract  one  of  the  word 
itself;  and  it  is  seldom  that  the  total  intensity  is  observed 
directly:  it  is  more  convenient  to  observe  the  horizontal  in- 
tensity, and  from  this  and  the  observed  dip,  to  calculate  the 
total  intensity  and  its  vertical  coniponenl. 

92.  How  data  of  the  elements  are  obtained:  magnetic 
charts. — I-Vom  ships  of  war  crni.^ing  in  every  sea;  from  mer- 
cliant  vessels  pjyingf  between  the  ports  of  the  world;  from 
observatories  eqnipped  with  delicate  instrnments  in  various 
countries;  from  expeditions  afloat  and  ashore  specially  fitted 
out  for  the  purpose;  and  from,  numerous  other  private  and 
public  sources  of  many  kinds,  have  been  gathered,  during 
long  years,  a  multitude  of  observations  of  llie  magnetic  ele- 
ments: collated,  classified,  antl  stripped  of  all  discernible 
errors,  they  afford,  when  plotted  on  charts  of  the  globe,  an 
excellent  insight  into  its  magnetic  condition.  This  is  pre- 
sented in  Charts  1  to  V,  each  exhibiting  the  characteristic 
features  of  a  single  element.  These  features  are  portrayed  by 
drawing  lines  througli  points  having  ihe  same  value  of  the 
element  in  question;  in  Charts  I,  IV,  and  V  the  lines  of  equal 
intensity,  whether  total,  horizontal,  or  vertical,  are  ex- 
pressed in  C.G.S.  units;  these  are  absolute  units,  depend- 
ent only  on  certain  standards  of  length,  weight,  and  time, 
and  not  at  all  on  locality.  These  same  lines,  however,  are 
often  represented  on  charts  by  other  figures,  dependent  on 
some  one  place  arbitrarily  chosen  as  unity:  such  is  a  system, 
in  which  the  intensity  at  London  is  assumed  as  niiily,  and 
that  of  every  other  place  is  relative  to  this:  such,  also,  is  the 
system  of  Humboldt,  whose  site  with  which  to  compare  the 
rest  of  the  world  was  located  in  Peru.  In  Charts  II  and  III 
the  lines  of  equal  Variation  and  Dip  arc  expressed  in  degrees. 

93.  Features  that  magnetic  charts  exhibit:  meaning  of 
North  and  South  Poles.— Glancing  at  Chart  I,  it  will  be  seen 
that  there  is  a  region  of  maximum  total  intensity  in  Ihe 
northern  hemisphere  and  another  in  the  southern — that  in 


THE   MAGXETli' 


side,  aiul  weiglits  were 
fiber  until  the  needle  v\c 
zoiital  plane  at  riglil  ;ii. 
weights  so  attached  wm: 
tliey  would  denote  the 
stations:  the  weight  ai  ; 
the  line  PH. 

Table  i  contains  ih- 
■widely  distribnted.  am! 
from  one  to  the  otiier. 


cw  York 

..shinglon.  D.C... 
ill  rrancisco.Cal.., 

ity  c.f  Mexico 

,  Pelersburg,  Rus«i^ 

iris,  France 

judun.  En){laii<l  . . . . 

•""duly 

'l'i"-J»Pi"' 

.mlmj-,  India 

.  Helena  Island 

.|.e  Town.  So.  A(ri. 


ill  the  wav  dcs*: 
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ich  region  there  are  two  foci  or  restricted  areas  more  iii- 
ise  than  the  rest  of  the  region — and  that  these  foci  are 
idelv  separated  in  the  north,  but  close  together  in-the  south, 
hich  explains  the  greater  strength  of  the  latter  compared 
Ijlth  the  former;  between  these  extremes  the  total  intensity, 
jpresented  in  gradient  lines,  decreases  as  we  approach  the 
topical  zone,  where  a  lino  encircles  the  globe,  dividing  it 
l!nto  two  characteristic  parts,  just  as  the  nentral  section  does 
the  opposite  poles  of  a  magnet:  the  Earth  is  clearly  a  spheri- 
■cal  magnet,  of  irregular  distribution. 
^B     The  foci   of  greatest   total   intensity   arc   near  what   are 
^Billed  the  magnetic  poles,  but  they  are  nc>l  the  same  thing:  the 
^^pci  of  intensity  are  places  where  the  magnetic  condition  on 
the    Earth's    surface    is    mos:    concentrated:    the    magnetic 
poles,  where  the  dipping-needle  stands  vertical  (the  horizon-. 
tal  force  being  nil),  and  from  which  the  lines  of  equal  dip 
(see  Chart  III)  spread  out  like  ripples  from  a  center.     The 
lines  of  equal  force  that  belong  to  the  ioci  of  intensity,  gird 
the  Earth  in  close  proximity  to  those  of  equal  dip,  but  both 
series   are   not   coincident.      The   magnetic   equator   is   the 
median  line  of  no  dip.  north  of  which  one  end  of  a  freely  sus- 
pended needle  will  dip  below  the  horizontal  plane,  and  south 
of  which  the  other  end  will  act  similarly.     The  "  magnetic 
poles  "  are  really  poles  of  "  verticity,"  but  as  long  as  the  dis- 
tinction between  them  and  those  of  intensity  is  clearly  under- 
stood, they  may  continue  to  he  called  magnetic  jxiles.     It  is 
like  the  designation  North  and  South  applied  to  them  as  well 
as  to  the  ends  of  the  needle  that  point  to  them:  we  may  still 
follow  the  custom  that  long  usage  has  indelibly  stamped  on 
Hitie  mind,  and  call  both  the  terrestrial  magnetic  pole  and  the 
^feld  of  the  compass-needle  that  points  to  it  by  the  same  name 
^^-North  or  South — provided  we  keep  in  view  the  fact  that 
the  magnetic  conditions  of  the  pole  and  the  end  of  the  com- 
pass-needle pointing  to  it  are   the  direct  opposite  of  each 
other. 


.1/  I'.x/-:/ /•-  /■./.F..VI-::. 


;     s    F    s 


.111^'  liiaii  iniro- 
■  art:  ilMiincil  w 

;:1]  the  Mf^'M 
■-.laTii  ln.'iiii>iilwe 
miily  with  limc- 
.^iictic  I'ulf.  ml 
■.\ardii.  ilic  V'i 
':  miigiiciii'  [iii1l".h 
05'  N.  ami  li'i'S^- 
.-1843.  he  reai-lirl 
;-■•■.  irniti  vvhicli  ''^ 
;  I'oltf  to  be  iiilaii- 

i!  variation,  it  "''' 
u-ivi  1t>-  nvi>  bta>y 
:!:  :;ie  \'aria!i"ii  i> 
■  e:\vcen  ilie*c.ilie 


■  Lz-i  ::s  E;r:;:3iil 
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,  .1  iliaii  in  another.  Consider  in  this 

II :  at  San  Francisco,  F,  the  needle 

■  i/«.nial  component,  FHy  has  a  good 

\la>ka,  as  at  .r.  Fig.  152 — (i),  it  dips 

'•iiial  conii)onent,  xH,  is  less;  continuing 

.lie  Ocean,  as  at  _v,  Fig.  152 — (2),  it  dips 

IV   is  scarcely  enough  of  the  horizontal 

]\c  ilie  needle  a  definite  direction. 


Variation — its  Discovery  and  Fluctuations. 

:ioveinents. — The  ether  is  in  ceaseless  agi- 
iiaiinctic  elements,  like  facial  features,  be- 
licrchy  and  give  expression  to  every  passing 


I  iu>  have  been  grouped  according  to  certain 

I     -by  hours,  whence  we  learn  their  diurnal 

■  !ih>,  whence  the  annual;  and  by  years,  whence 

.ii  -low.  majestic  stride  that  covers  centuries. 

^   movements  of  abnormal  amount — called  dis- 

.1   have  been  bunched  together  and  found  to 

-    recurrence;  there  is  the  movement  peculiar 

:iy:  the  particular  value  that  the  elements  have 

lontrasted  with  that  of  sunmier  in  the  same 

ir  distinctive  aspect  in  the  northern  hemisphere 

lour,  day,  month,  or  season  as  compared  with 

uihern. 

tl  upon  all  these  are  other  small  regular  mo- 
upon  waves  and  billows. 

)rical. — The  discovery  of  the  \'ariation  may 
ncident  with  the  use  of  the  magnetic  needle  for 
*r>urse;  for  the  trend  of  that  course  relative  to 
of  the  Pole  Star,  which  was  the  initial  point  of 
►ning  before  the  Sun  became  generally  used  for 
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It  is  better  ta  have  this  tacit  understam 
duce  confusicMi  by  the  variety  of  names  that 
describe  the  exact  state  of  affairs. 

The  old  names  lead  to  no  error,  and  wit 
explanation,  the  pole  of  verticity  in  the  nortl 
will  (throughout  this  Treatise),  in  conforn 
honored  usage,  be  called  the  North  Magi 
the  point  of  the  Compass  that  is  directed  towj 
point.  Sir  James  Ross  reached  the  north  n 
1 83 1,  and  found  the  dip  90°  in  latitude  70**  o 
tude  96°  45'  W.;  during  his  cruise  in  1839-1 
a  southern  point  where  the  dip  was  88**  56'^ 
inferred  the  location  of  the  south  magnetic  ] 
tude  Ji""  05'  S.  and  longitude  147**  05'  E. 

In  Chart  II,  representing  lines  of  equal 
be  seen  that  a  strip  of  the  globe  is  embra 
lines  running  N.W.  and  S.E.,  along  whit 
zero,  or  they  are  lines  of  **  no  Variation  ": 
Variation  is  constantly  westerly — outside 
cept  within  an  oval  area  in  the  X.E.  par* 
again  westerly. 

Chart  IV,  representing  lines  of  equ; 
is  especially  worthy  of  consideration,  a- 
the  Compass  experiences  a  strong  dir 
latitudes,  while  it  becomes  sluggish  in 

There  are  two  small  oval  areas  o 
Borneo,  the  other  south  of  Mexico:  1 
imum  horizontal  intensity — sloping  ] 
contour  *'  level-lines  "  spread  out  nt 
vanish  in  a  flat  plane  round  the  rep 

94.  Variability  of  the  Total  Int 
Component. — The  total  intensity  i 
Pole — its  horizontal  component  fn 
is  this  latter  that  gives  to  the  C( 
hence  it  becomes  evident  why  th 
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bd  that  tlience  onward  the  number  of  magnetic  observations 
bread  and  increased  slowly  but  steadily  in  all  countries  mitil 
when  they  sprang  into  existence  everj'where  and 
Buitiplied  in  kind,  number,  and  variety  to  such  extent  that 
)-day  no  phenomenon  of  Nature  is  the  object  of  more  fre- 
quent and  close  scrutiny  than  terrestrial  magnetism.  At  sea, 
the  ships  of  every  nation  are  daily  observing  its  fluctuations) 
and  on  land  there  are  numerous  observatories  specially  built 
and  supplied  with  the  most  delicate  instruments  for  record- 
ing by  photography  its  every  phase. 

97.  The  Variation  observed  at  sea  by  officers  of  the  U,  S. 
Navy.— I  will  state  here  the  part  taken  by  officers  of  the  U.  S. 
Xavy  in  this  field  of  research  during  recent  years. 

While  Superintendent  of  Compasses  in  the  Bureau  of 
Navigation,  Navy  Department,  from  1881  to  1885,  I  con- 
ceived the  idea  of  making  use  of  the  compass  errors  that  are 
daily  observed  by  navigators  of  ships.  This  plan  required 
each  vessel  to  swing  ship  on  as  many  equidistant  points  as 
practicable  at  the  beginning  and  end  of  a  passage  and  at 
every  change  of  15°  to  20°  of  latitude  or  longitude  en  route. 

The  variations  deduced  from  such  S'ii'iiigings  (in  view  of 
the  care  bestowed  on  them,  the  favorable  conditions  of  sea 
and  weather  chosen  for  the  work,  and  the  accuracy  of  the 
instruments  used)  are  probably  among  the  most  reliable  ever 
obtained  from  sea  observations. 

Among  the  blank  forms  devised  at  the  lime  to  facilitate 
compass  work  was  number  I  (essentially  the  same  used  at 
the  present  day)  and  upon  it  was  provided  the  space  headed 
"  Record  of  all  the  most  trustM-orthy  compass  errors  deter- 
mined for  navigating  the  ship":  the  deviation  tables  ob- 
tained from  swinging  ship  at  intervals  along  the  passage 
afforded  the  means  of  removing  the  deviation  from  each 
compass  error,  and  thus  obtaining  a  number  of  trustworthy 
variations,  whose  accuracy  was  further  enhanced  by  the  fact 
lat.  with  few  exceptions,  the  ships  of  die  Navy  during  the 
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::n:e  referred  to.  were  of  wood,  giving  rise  to  small  devia- 
tions, liable  to  little  change. 

Where  ships  made  particularly  long  passages  or  to  un- 
frequented regions,  special  instructions  regarding  compass 
observations  were  sent  to  them  by  the  Chief  of  the  Bureau 
of  Navigation:  such  was  the  case  with  the  Alliance,  Bear, 
iTnd  Thetis  sent  to  the  Arctic;  the  Trenton  and  Essex  to 
Otna:  the  Brooklyn  returning  home  from  Japan,  via  Cape 
Horn:  the  Enterprise  to  Australia  and  home;  the  Juniata 
trortt  China  home;  the  Vandalia,  Swatara,  and  Rich- 
mo  m>.  cruising:  and  the  Pensacola  around  the  world.  This 
lasc  sliip  made  a  very  full  series  of  observations:  sailing  from 
Ca'ao.  Penu  for  Japan  and  thence  home  by  way  of  the  Cape 
oi  v»vkhI  Hope,  the  ship  was  swung  at  Callao  before  sailing; 
orf  the  Ca|H*s  of  the  Chesapeake  on  arrival;  and  at  twelve 
si>acwl  intervals  along  the  passage. 

The  tv>tal  tiumbcr  of  Variations  obtained  from  all  vessels 
was  \  \^^  -cv^lloctoil  from  ships  that  had  traversed  every  sea. 
a:Ki  .i'V^^**^^''*^'^'  ^'^^'  Poles  to  within  79°  54'  North  and  51°  50' 
>;^viiilt  the  v»b<crv;iti()ns  were  corrected — some,  by  the  navi- 
MivMN  who  v>bsorvc(l  llicni,  but  by  far  the  greater  number  in 
v  v>thv'v  v»f  Supt.  of  C\)nii)asses,  and  were  all  published  in 
\o  i'  l*u»lV^sional  Paper  Xo.  19.  By  a  second  edition  the 
^^^\.;^  wax  bivuiiihl  ni>  to  1892,  I  think. 

^   rh^  MttRtu^tic  Observatory  at  Washington  built  and 

«aiN>#^*      To  supplement  this  work  at  sea,  I  proposed  to 

hjcl  ot   lUneaii  <>f  Xavigation,  Rear  Admiral  John  G. 

..  ,j    ji^^,  vtvvl»'»>»  *'f  '^  Magnetic  Observatory  in  Washing- 

|.     i^i^pumI  the  prnjcct,  ol)tained  an  appropriation  for 

ilu%nM'*l  int*  to  proceed  with  the  plans  for  the  build- 

*  it\  Op'M*"***"^  witli  instruments. 

'*^  *' ^        v.Miiim'Ml  at  that  time  liad  no  instruments  of  the 

\  m  ol»'-^'»v*«'''''*^'^  ^^^^  ^'^^'  continuous  record  of  the 

'^'*^  *'*'.   vlv»»»^*"''''    '"  '^  complete  set  of  the  large  and  im- 

*^"''^?  ^iiclov:«'»l''' •  ^^'^"^  ordered  through  the  Kew  (Rng- 
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land)  Observatory',  that  pattern  being  the  one  most  gener- 
ally used  throughout  the  world. 

The  Bureau  already  possessed  an  excellent  magneto- 
meter for  measuring  the  absolute  force  and  a  Dip  Circle:  and 
I  had  a  large  magnet  on  Gauss'  plan  with  silken  fiber  suspen- 
sion constructed  for  eye-observation  of  the  Variation:  an 
extrenieSy  accurate  theodolite  was  purchased  for  use  in  con- 
nection with  this  variation-magnet. 

Some  minor  instnunents  and  apphances  were  also  pro- 
vided. The  magnetographs,  on  their  arrival  from  England, 
were  set  up  roughly  in  the  office  of  the  Supt.  of  Compasses 
to  study  their  mode  of  working.  There  was  also  provided 
a  full  set  of  apparatus  (the  counterpart  of  the  set  used  by 
Ritchie)  for  inspecting  compasses,  which  it  was  my  intent  to 
do  in  the  Magnetic  Observatory. 

The  plans  for  the  building  were  complete,  and  the  kind, 
number,  and  location  of  the  instnunents  settled  and  specified 
by  drawings  and  descriptions;  but,  on  account  of  long  and 
serious  sickness  in  my  family.  1  had  to  apply  for  leave  of 
absence,  and  leave  Washington  before  seeing  the  completion 
of  the  project.  Besides,  I  had  been  on  the  duty  for  four 
years,  and  it  was  doubtful,  in  any  case,  if  I  could  have  re- 
mained long  enough  to  see  actual  observations  made  with  the 
several  instruments. 

My  relief.  Commander  C.  C.  Cornwell,  assisted  by  other 
officers  of  the  Navy,  supervised  the  erection  of  the  building, 
installed  the  instruments,  and  began  observations  with  them. 
The  results,  published  since,  are  evidence  of  the  value  of  the 
Magnetic  Observatory. 

ft  was  built  on  the  site  of  the  old  Xaval  Observatory  in 
Washington,  but  on  removal  of  the  latter  to  Georgetown,  the 
tiuilding,  instruments,  and  all  other  material  of  the  Magnetic 
Observatory  were  transferred  too.  and  are  ncKW  on  the  new 
site  as  part  of  the  Naval  Observatorj". 
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99.  The  secular  change  in  the  Variation — The  different 
pcrioilio  chanj^es  of  the  \'ariation  will  now  be  described;  and 
tn  ni  I  lie  sccuhr,  as  of  primary  importance,  for  upon  an  accu- 
Kiio  kniuvledj^e  of  it  depends  the  correctness  of  the  variation 
vharls  tluit  arc  used  in  navigation. 

riio  secular  change  consists  of  a  steady  increase  or  de- 
viea>e  of  the  N'ariation  at  any  place:  it  goes  on  for  many 
MMjN     ilie  needle  attains  its  greatest  deflection  from  the  true 
meiulian  (or  the  N'ariation  becomes  a  maximum) — there  it 
i»svtILiles  in  small  amount  for  a  few  years — then  turns  back 
aiuiins  a  maximum  deflection  in  the  opposite  direction— 
v|m\eis  .sU>wly  as  before  for  a  time — and  then  returns  to  its 
iti«.i  |M»sitiiMi.     And  so  on — back  and  forth — over  a  certain 
uMi'.e  ol  degrees  during  a  long  period  of  time.    The  motion 
Ml  IN  be  likened  to  the  swing  of  a  pendulum,  which  has  slow 
.i,i.\enient  at  the  extremes  of  its  amplitude  and  rapid  pace  at 
i!iv   luuldle  point — a  wave-motion,  in  fact.    Thus  the  secular 
, 'miu'i'  bring  a  periodic  function  of  the  time,  may  be  fully 
:v\^lv•ped  l>\    i^'onrier's  scries;    and  hence  it  becomes  possi- 
•.  ,  u.  piedirt  with  safety  for  a  few  years  ahead  (from  deduc- 
.  ..n.  honi  the  theorem)  the  value  of  the  Variation  at  any 
.  t,x    KM    whii-h  accurate  ol)servations  have  extended  over 
tuuui   iniie  lo  furnish  the  known  quantities  required  for 
.■,,.!»  4»l  the  series.    These  (juantities  are  the  sign-posts  for 

p^i   guidance  in  using  tJie  series,  and  they  must  be 

.  ',,  J  vIoM'ly  and  changed  often  to  keep  us  in  the  right 


.  >u 


..  .  {\\a\\  liial  treatment  of  the  \'ariation  is  not  restricted 

,.    xU'iiieul,  but  may  l)e  extended  to  the  Dip  and  hi- 

X    'I  l»'«»v.  observation  sliows  them  to  be  periodic  func- 

■!iv  mm-. 

x..mu-^  irnlurics  for  the  magnetic  pendulum  to  coni- 

.  .xMiu'.  and  ahliongh  ol)scrvation  of  the  Variation  has 

»  v»v'U"^^  f'n*  more  tlian  three  hundred  vears  at  some 

V  * 

Sw-  I'arth,  vet  not  even  at  these  has  one  cvcle  been 


completed.  This  cycle,  as  well  as  the  maximum  deflection 
that  occurs  during  its  fulfillment,  together  with  the  annual 
contribution  thereto,  all  vary  greatly  from  place  to  place. 

.      Taule  2. 
secular  change  in  the  variation. 


NEW   YORK. 


v«,. 

Virlntroo. 

v„.. 

V„...... 

v» 

V»ri«U«u 

1580 

10'        w. 

■775 

7°         W. 

1847 

5°  41' W. 

I6I0 

11        w. 

'789 

I8S5 

163; 

11     30' w. 

.834 

4    40  w. 

i860 

6     44  W. 

1833 

3           W. 

187a 

8     46  W. 

,834 

4     50  W. 

1873 

7     aqW. 

I6B6 

9           W. 

■837 

S    40  w. 

1374 

7    33  W. 

1691 

1S40 

5     45  W. 

1879 

8     30  W. 

184. 

(1        w, 

■  884 

7     35  W. 

1714 

1843 

5     sa  W. 

1885 

8      ID  W. 

17*4 

7      30    W. 

"844 

0    13  w. 

1890 

8     37  W. 

(.        w. 

184s 

6    as  W. 

1895 

fl     44   W. 

1755 

S          W. 

1B46 

5     09  W. 

Tables  2,  3,  4.  and  5  in  connection  with  Figs,  153,  154, 
'  55.  and  156,  illustrate  the  secular  change  at  divers  parts  of 
tilt  Earth  from  the  most  remote  period  of  observation  of 
the  Variation  at  each,  to  the  present  epoch. 

In  these  Figures- the  movement  of  a  horizontal  needle  is 
depicted  by  rectangular  coordinates — the  lime  at  the  side,  the 
range  of  variation  proper  to  the  locality  at  the  top. 

The  dots  indicate  actual  observations  plotted  from  the 
tables,  while  the  curves  take  a  mi<idle  course  through  them, 

Glaiicing  at  Table  2,  illustrated  by  Fig.   153,  it  will  be 

[  ^««n  by  the  path  of  the  north  end  of  a  needle  at  New  York, 

1 '■nat  when  first  observed  in  1580,  the  variation  was  10°  W.: 

^  uiis    increased    until    ifiSo;    then    the    needle    took    a    long 

^*ri(le  eastward,  gradually  lessening  the  variation  to  3°,  when, 

"^  'S33<  again  it  turned  westward,  and  is  still  moving  in  that 

direction. 


J 
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SECULAR  CHANGE  OF  THE  VARIATION  AT  NEW  YORK. 

SCALE  OF  VARIATION. 
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Fig.  153. 
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I  differences  between  the  Variation  of  successive  years  1 
lecular  change — afford  the  data  for  correcting  charts  - 
blishing  them  with  sufficient  accuracy  for  a  few  years  ] 


:e  first  observed,  the  secular  change  at  New  York  has 
1  increase  or  decrease  of  westerly  variation;  but  now 
r  the  movement  at  Paris,  France,  Fig.  154,  in  copnec- 

Table  3. 
secular  change  in  the  variation. 


PARIS.  FRANCE. 

Variation. 

Year. 

V„,«i<.«. 

y„.. 

V«i.iion. 

7"    E. 

1 7.0 

11"  11' W. 

iSii 

a»-  «g'W. 

S     E. 

17*0 

u  5»  W. 

1816 

33  36  W. 

II  30' E. 

17S6 

14  37  W. 

1837 

33   15  W. 

6  4SE. 

1735 

IS  as  W. 

183s 

33   04  W. 

S  <M  E. 

1744 

16  37  W. 

1S38 

31   38  W. 

4  30  E. 

1753 

17  49  W, 

1843 

31  .  39  W. 

3  30  E. 

■765 

ig    W. 

1358 

19  36  w. 

I  30  E. 

1770 

20  ot  W. 

186s 

18  44  W. 

0  40  E. 

1777 

JO  40  W. 

lS6g 

17  08  w. 

0  oS  W. 

i7Sa 

u  25  W. 

■B75 

17  *i  w. 

.  30  w. 

1790 

aa  :9  W, 

1879 

16  56  w. 

3  oB  W. 

1798 

32  .4W. 

1885 

16  07  w. 

4  Sa  W. 

l803 

81  sS  w. 

1$    53  w. 

6  37  W. 

.805 

.2   05  W. 

9     W. 

1807 

13  34  W. 

th  Table  3:  there,  in  1541.  the  variation  was  7"  E,, 
-easing  and  kept  on  so  until  15S0:  then  a  grand  retro- 
novement  began  and  continued  for  234  years,  the 
■caching  the  true  meritlian  about  1666,  passing  to  the 

it  and  advancing  in  that  direction  until  1814,  when 
■iation  was  more  than  22°  W. ;  again  it  turned  east- 
id  is  still  moving  to  the  east,  to  complete  its  cycle. 

secular  changes  at  Hobartown,  Tasmania,  and  the 
;  Good  Hope,  Africa,  are  given  in  Tables  4  and  5:  with 
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1 

iTigs.  155  and  156,  drawn  from  them,  they  afford  a  means  of     ' 
-contrasting  the  phenomenon  in  sonthern  regions  with  that  in 
northern. 

SECULAR  CHANGE  IN  THE  VARIATION. 

'                                        Tahl«  4. 

CAPE  OF  GOOD  HOPE.  AFRICA. 

Table    5. 

HOBARTOWN,  TAS- 
MANIA. 

Y««. 

V,r,«.... 

Vtur. 

V.ri.tlon. 

V„r. 

V»rimilmi. 

:60s 
1609 
1633 
1675 
1      159" 
I75t 

;r.i 

1793 
181S 

■    1836 

o"   30'    E. 

8    14    w! 
II     oo     W. 
19    IS    w. 

3t       14      W. 

34    04    w, 
34     3>     W. 
36    31    w. 
38     30     W. 

z 

845 
346 
647 
848 

849 

850 

857 
S74 
890 

V    OQ'    W. 

!9    0*     W. 
f9    08     W. 
!,     0,     W. 

m    „   w. 

ag     U     W. 
19     16     W. 
.9     .9     W. 
99    34    w. 
30    04    w. 
=9     36     W. 

1843 
1844 
1845 
1846 
1847 

:843 

9"   54'    E. 

9     55     E.           • 

9     57     E. 
9     58     E. 
9     S9     E- 
0    01     E. 

5 

YEAH 
18U 

18H 

I84S 

"" 

■OKI 

vm 

ECl 

LAR  VA 

RIATION  AT  HOBARTOWN, TASMANIA. 
»■          Br'          B«'           »'         10"B. 
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loo.  Movement  of  the  magnetic  needle  in  space  graphi- 
cally represented,— Tlie  movement  of  a  needle  in  a  liorizoii- 
taj  plane  (which  is  that  graphicaUy  represented  in  the  four 
cases  of  Art.  99)  does  not  give  a  clear  idea  of  the  motion 
of  a  needle  no\  so  constrained:  to  obtain  this  and  depict 
it,  imagine  a  freely  suspended  needle  at  the  center  of  a  spher- 
ical surface;  it  moves  in  both  Dip  and  Variation  at  the  same 
time,  and  each  end  traces  out  on  the  interior  of  the  surround- 
ing shell  a  closed  curve  of  idemical  form;  let  a  plane  be 
passed  tangent  to  the  sphere  at  the  point  in  which  the  sus- 
pending fiber  pierces  it,  then  the  closed  curve  may  be 
projected  on  this  plane,  and  such  in  principle  is  the  mode  of 
representation  in  Figs.  157,  158,  and  159:  the  observations 
of  Variation  and  Dip  in  Tables  6  to  il  afford  the  means  of 
plotting  the  points  of  the  curves, 

CAMBRIDGE.   MASS. 


Table  6. 

Table  7. 

SKCU 

.AR  CH 

».NGE  IN 

THE 

TION. 

*"«=»■-. 

V«^.o„. 

v„.. 

^ 

„..o„. 

y«. 

Mp. 

'JOS 

9-  QO 

W. 

I8+0 

9° 

18'  W. 

1723 

68"  %i    N. 

;z-«= 

S  00 

W. 

184a 

9 

35  W. 

1780 

69  51  N. 

'T-So 

7  4!" 

w. 

1844 

9 

39  W. 

1782 

69  41  N- 

Jis^ 

7  ao 

w. 

184s 

9 

31  w. 

1783 

69  4<  N. 

;j^« 

7  M 

w. 

1850 

9 

30  W. 

1839 

74  ao  N. 

il^3 

7  00 

w, 

1853 

08  w. 

1840 

74  a»  N. 

■7»^ 

7  02 

w. 

1854 

39  W. 

1841 

7-t  17  N. 

*7«a 

e  44 

w. 

1S55 

55  W. 

1842 

74  16  N. 

U^3 

6  5a 

w. 

iSSb 

50  W. 

7S44 

74  18  N. 

'?3  5 

6  38 

w. 

iSSq 

48  W. 

1845 

74  19  N. 

7  30 

w. 

1B66 

4.  W. 

:B5o 

74  34  N. 

6  00 

w. 

1879 

46  v;. 

1854 

74  33  N. 

S  51 

w. 

iBgs 

13  W. 

1856 

74  13  N. 

«3; 

9  09 

w. 

■  S59 
1879 

74  ao  N. 
73  48  N. 

■  — - 

.895 

73  16  N. 

■-     .-*  r^\E  EARTH, 


*« 9- 


>.T'« 


■;  • --r^^  prices — Cam 
—  ■;>     ts    characteri>ti 

—  ■  -r  -.  :r/::  end  of  tli 
.    "  ■  * :'-   ::  :.  watch.    1 

-  ■<  :>.e  T^eriod  of  ol 
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ACAPULCO.  MEXICO. 


Table  8. 

Table  9. 

SECULAR   CHANGE   IN   ' 

FHE 

SECULAR   CHANGE  IN 

VARIATION. 

# 

rHE  DIP. 

Year. 

Variation. 

Year. 

Variation. 

Year. 

Dip. 

1625 

I"  30'    E. 

184I 

8'   1/    E. 

I791 

36*  08'    N. 

1744 

3    00     E. 

1866 

8     22      E. 

1803 

38     53     N. 

1791 

7    44     E. 

1874 

8     39     E. 

1838 

37     57     N. 

1822 

8     40     E. 

1880 

7     57     E. 

1866 

39    54    N. 

1828 

9    07     E. 

1882 

7     54     E. 

1880 

40    09    N. 

1837 

8     23     E. 

1892 

7     35     E. 

189a 

40    25    N. 

1838 

8     15     E. 

SECULAR  MOVEMENT  OF  THE  NEEDLE  IN  SPACE 

VARIATION  AND  DIP  COMBINED. 

ACAPULCO,  MEXICO^ 

8CALE  OF  VARIATION 


Fig.  158. 
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SEC 
NEi 


I 


.1— 


.    .    ' 

1L_     ... 

i-  ■-:;  :*  the  dip. 

"tK           Dip. 

« 

I?":    •:    .V  X. 

■    ;. . 

I?-:    V     :  N. 

.    >. 

IV:      -:     :     X. 

\ 

i?-l    ":    ::N. 

^      ■• 

I*::     r    51  X. 

-^      ^  • 

p-     •:   47  N'. 

«      ^  - 

1 5  77    -0   49  N. 

i^r?    70  4SN'. 

_        J\  p 

1670    70  45  N. 

m           ■'  • 

ie?o  ,  70   45  ^' 

.  .         .^  ■ 

iSSi  '70   43  X. 

^       .^  . 

15S2    70   44  *^' 

\\%\  '  70   41  N. 

_  v 

1JS4  '  70   35  N. 

\ 

i?J5  i70  33  ^z 

^       ^ 

I  ^*^    70  30  X. 

:r?:    70  27  X. 

:?:5    70   25  X. 

• 

i5?3    70   25  "• 

:-;•:     70   24  N'. 

. 

:v.:    y  24  N'- 

:r::    70   24  X. 

• 

:f.;    70   12  .V. 

■ 

•::     70   15  ^' 

It  will  be  ^■ 
bridge,  Acapr 
curve,  all  havi 
needle  move> 
none  has  the- 
servation — tl: 
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loi.  The  annual  change  in  the  Variation. — ^The  annual 
change  in  the  Variation  is  a  periodic  fluctuation  during  the 
months  of  the  year,  and  seldom  attains  2'  of* arc:  it  is  illus- 
trated by  Table  12:   the  prominent  fact  brought  out  is,  that 


Table  12. 

fluctuation  of  the  variation  throughout  the 
months  of  the  year  at  different  places. 


Amount  and  direction  of  the  change  on  each  side  of  the  mean   for  the 
year:     Plus  (-[-)  denotes  that  the  needle  is  to  the  eastward,  minus  (— ) 
to  the  westward,  of  the  mean  position  for  the  year. 

Months. 

Kew, 
Ens^land. 

Canada. 
Toronto, 

—  4".  2 

—  0  .6 

4-    7  .8 
-f    0  .6 

+    9  .6 
4-  17  .4 
4-42  .6 
4-4-2 

—  47  .4 

—  61  .0 

—  24  .6 

—  19  .8 

St.  Helena 
UUnU. 

Cape  of  Good 

Hope. 
South   Africa. 

Hobartown, 
Tasmania. 

January 

February 

March 

Aoril , 

-  2".  6 

-  34  .2 

-  29  .8 

-  I   .5 
4-48  .8 
-h  50  .6 

4-  70  .3 
4-  20  .7 

-  9  .8 

-49  .6 

-  34  .8 

-  39  .6 

4-    3".o 

-  18  .0 

-  10  .2 

4-    2  .4 
-1-    I  .2 
4-13  .8 

-  8  .4 
4-    3  .6 
4-19  .8 

-  I  .8 

-  7  .2 

-  7  .2 

-  29".4 

-  43  .2 

-  49  -8 

—  64  .2 

4-  10  .8 
-+-62  .4 
4-  58  .2 
-j-6i  .8 

4-43  -2 
+    4  .3 

—  25  .2 

—  42  .6 

-  32".9 

-  7  .9 

—  16  .7 

-f  22   .2 

4-28   .7 

-f  24   .1 
H-  20  .6 

4-   12    .2 

4-   4  .5 

—  13  .6 

—  27  .6 

-  3S  .5 

Mav 

Tunc 

July 

August 

September. . . . 

October 

November  . . . . 
I^ecembcr  . . . . 

Table   13. 
fluctuation  of  the  variation  according  to  season, 

(Rearrangement  of  Table  12.) 


Mean  Value  of  the  Fluctuation  and  its  Direction. 

Locality. 

April  to  September. 

October  to  March. 

Kew 

4-  28".7 

4-    4  .5 
4-    5  .4 

4-28 .7 
4-18 .7 

-  3i".8 

-  17  .1 

-  6  .9 

-  30  .9 

-  17  .3 

Toronto 

St.  Helena 

Cape  of  Good  Hope. 
Hobartown •• 
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regardless  of  geographical  location,  or  the  amount  of  the  Va- 
riation, at  a  place,  or  whether  it  is  easterly  or  westerly, 
increasing  or  decreasing,  or  what  the  absolute  value  of  the 
secular  change  may  be — for  all  these  circumstances  enter  into 
Table  \2 — still,  the  needle  is  steadily  on  one  side  of  its  mean 
yearly  position  during  the  summer  months  of  the  locality, 
while  it  is  on  the  other  side  of  its  mean  yearly  position  during 
the  winter  months  of  the  same  place,  see  Fig.   162.     The 

MEAN  YEARLY 

POSITION 

OF  NEEDLE 

SUMMER 
MAY  TO  AUO. 

WINTER     \\i       ' 
NOV.  TO  FEB.         \\ 


/\    ^ 


Ktw  (England) 


MAGNETIC    EQUATOR 


f 


StHelena 


WINTER 

MAY  TO  AUO. 


WMER      "      ^ 

NOV.  TO  FEB. 


SUMMER      x,\,  ^^^, 


Good  Hop« 


Fig.  162. 

change  occurs  in  the  equinoctial  months,  as  may  be  seen  by 
the  uncertainty  of  sign  at  those  times;  and  St.  Helena  shows 
most  irregularity  in  this  respect,  as  it  naturally  should  from 
its  proximity  to  the  magnetic  equator. 

By  taking  the  mean  for  each  place  for  each  of  the  two 
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OIURNAL  CHANGE  OF 

DEFLECTIONS' 
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)eriods,  April  to  September  and  October  to  March,  as  is  done 
n  Table  13,  the  contrast  between  tlie  two  portions  of  the 
.■ear  becomes  more  striking.  This  clearly  shows  a  depend- 
:nce  of  the  annual  fluctuation  upon  the  position  of  the  Sun 
vith  regard  to  the  Equator.  The  oppositeness  of  movement 
>f  the  needle  in  both  magnetic  hemispheres  according  to 
■cason  receives  further  illustration  in  Figs,  160  and  161, 
From  them  it  will  be  seen  that  at  stations  well  north  or  south, 
IS  at  Toronto  and  Hobartown,  the  needle  at  all  seasons  main- 
:ains  a  characteristic  position  wilii  reference  to  the  mean  posi- 
:ion  for  the  year,  only  that  in  tlie  summer  of  each  hemisphere 
:lie  range  is  greater  than  in  winter,  while  at  St,  Helena, 
ocated  near  the  divide,  there  is  alternately  the  characteristic 
eature  of  each  hemisphere,  according  to  the  position  of  the 

It  can  scarcely  be  inferred,  however,  that  this  change  in 
he  range  of  the  needle  is  ivholly  due  to  temperature,  for 
11  the  vaults  of  the  Paris  Observatory,  eighty  feet  below  the 
iirface,  where  the  temperature  is  maintained  at  a  constant, 
^e  same  seasonal  movement  is  observed. 

102.  The  Diurnal  Change  in  the  Variation, — The  diurnal 
lange  in  the  variation  consists  of  a  regular  swaying  to  and 
'"*  of  the  magnetic  meridian — twice  to  the  east  and  twice  to 
^  west — during  the  period  of  twenty-four  hours:  it  is  illus- 
"ed  in  Table  14  for  five  widely  separated  stations. 

This  Table  is  formed  by  taking  the  mean  of  all  the  hourly 
*>eTvations  during  the  year,  which  gives  the  mean  variation 

tlie  year;  also,  the  mean  for  the  .lowf /loiir  throughout  the 
***,  which  gives  the  separate  hourly  means. 

Subtracting  each  hourly  mean  from  the  yearly  mean  gives 
*^ries  of  values  for  the  twenty-four  hours  of  the  day,  whicli 
^  the  quantities  that  appear  in  Table  14.  the  plus  {+)  sign 
"^^icating  that  the  north  end  of  the  needle  was  to  the  east  of 
'^  tnean  position,  and  the  minus  ( — )  sign  that  it  was  to  the 
*'^st  of  it.    Fig.  163,  drawn  from  Table  14,  represents  the 
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Table  14. 

diurnal  fluctuation  of  the  variation  at  differ- 
ent places. 


Hoars. 


I  A.M. 


2 

3 
4 

5 

6 

7 
8 

9 
to 

II 

Noon 

I 

2 

3 
4 
<; 
6 


<« 
«« 

4« 

it 
«t 
tt 
4* 
•  « 
«  « 


8 

9 
io 

II 


P.M. 
• » 

I  4 

It 

14 
«  t 
I  « 
t< 

•  • 

•  « 
«  « 


Name  of  place,  and  amount  and  direction  of  the  fluctuatiea  on  cick  tide 
of  the  mean  poaition  of  the  needle  for  the  jear:  plaa  (4*)  dcncm  that 
tlie  north  end  of  the  needk  is  to  the  eastward  of  the  mcaa  for  the  yeir, 
and  minus  <— )  that  it  is  to  the  westward,  bj  the  aMonat  oppowtc  ik 
sign. 


Washin 

rtoo. 

D.  C. 

+  0' 

.27 

4-  o 

.33 

+  o 

.42 

+  o 

.74 

+  o 

.99 

+  I 

.73 

+    2 

.63 

+  3 

.15 

+ 


Midnight 


4- 


2.87 

I  .32 
0.87 

2.73 
3.86 

3.83 

3  07 
I  .90 

0.93 
0.30 

o  .09 

o  .40 

o  .09 

0.74 

o  .70 
o.^S 


Toronto, 
Canada. 


4- 


4-  o'.54 
4-  0.52 

4-  0.71 
4-  1 .12 

1.93 
2.98 

3.99 
4.44 
4-  3.63 

4-  1.24 

—  1 .69 

—  4  .02 

—  5.07 

—  4.S7 

—  3. S3 

—  2  .48 

—  1 .29 

—  0.46 

—  0.12 
4-  0.18 
-r  0.52 
-i-  0.70 
4-  0.71 
4-  063 


St.  Helena    jCspe  of  Good 

Hope, 
Sooth  Africa. 


IsUnd. 


I 


4-  o'.i3 
4-0.09 
4-0.06 
4-  0.04 
-f  0.12 
4-0.44 
-f  C.08 

—  0.83 

—  1. 13 

—  0.75 
4-0.18 
4-  0.76 
4-0.69 
-j-  0.40 
4-0.04 

—  0.36 

—  0.55 

—  0.38 

—  0.07 
4-  0.07 
4-  o.»9 

i-  0.28 

4-  0.28 
4-  0.24 


4- 
+ 
4- 
4- 
4- 
4- 


4- 
+ 
4- 
4- 
4- 
4- 
4- 
4- 
4- 
4- 
4- 
4- 


(/ 
o 
o 
o 
o 
o 
o 
I 

2 
% 
I 

o 
o 
I 

I 
o 
o 
o 
o 
o 
o 
o 
o 
o 


51 

4S 

4« 
34 
19 
05 
57 
87 
7« 
47 

41 
01 

90 

33 

17 

63 
20 

17 
36 

45 

49 

48 

47 

48 


-  I'.oS 

-  0.70 

-  0.46 

-  0.39 

-  0.67 

-  1.07 
-1.98 

-  J.95 

-  3.5J 

-  s.8t 

-  0.97 
4- 1.45 
4-3-64 
+  4.66 

4-4-56 
+  3-54 
+  2.20 

-f-  !.» 
4-0.4S 

-  0.24 

-  0.81 
-1.28 

-  1.5X 
-1.38 


ci>urso  of  the  noeille  at  Washington,  and  Fig.  164  presents  it 
in  another  way:  consider  both  these  Figures  together:  TO  is 
ihc  true  meridian,  and  MO  the  mean  position  of  the  mag- 
w\w  meridian  for  the  year,  so  that  MOT  is  the  Variation; at 
S  a.m..  ilio  nooillo  was  at  AO.  the  eastern  limit  of  its  excursion 
\\K^\\\  the  moan  position  M0\  then  it  turned  westward,  and 
int'vini;  in  that  direction,  attained  the  limit  BO  at  i  p.m.; 
lu'ir  ii  tnrnod  oast  and  advanced  to  CO  at  10  p.m.;  again  it 
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Fig.  J63.. 

CTUATION  OF  THE  VAfllATION  AT  WAfiHINOTOM,  D,C. 
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Franklin  Bay  (latitude  82°  N.),  1°  6';   again,  at  Washington 
the  mean  range  of  summer  is  9'.3.  and  only  5'.5  in  winter. 

The  diurnal  range  at  different  places  and  seasons — the 
oppositeness  of  movement  of  llie  north  end  of  the  needle  at 
the  same  hour  in  both  hemispheres — and  the  varying  hours 
at  which  the  maxima  and  minima  deflections  from  the  mean 
position  occur,  are  all  illustrated  in  Fig.  161. 

103.  The  Lunar  Change  in  the  Variation. — The  lunar 
change  of  the  Variation  is  a  regular  ebb  and  flow,  as  it  were. 
of  the  ethereal  atmosphere — two  maxima  and  two  minima  in 
every  lunar  day — just  like  the  tides  of  ocean;  the  range  is 
small,  seldom  exceeding  30"  of  arc. 

104.  Magnetic  disturbances — Superposed  upon  all  the 
foregoing  periodic  changes  are  disturbanrcs.  which  occur  at 
any  lime  and  in  varied  degree,  modifying  their  regularity  and 
normal  flow,  and  giving  them  the  semblance  of 'humps,  hol- 
lows, and  sudden  breaks  without  law  or  order:  but  by  regard- 
ing alt  violent  jumps  of  the  needle  above  a  certain  value  as 
dislitrbauccs,  and  removing  them  from  the  observations,  the 
characteristic  fealnres  of  every  periodic  change  stand  forth  as 
smooth  and  regular  as  those  of  any  other  of  nature's  phe- 
nomena. When  classified,  even  the  disturbances  exhibit  peri- 
odicity-^daily.  yearly,  and  secular:  in  extent  they  may  be  a 
few  minutes  of  arc,  or  reach  several  degrees,  and  their  influ- 
ence may  be  restricted  to  the  confines  of  a  small  region,  or 
spread  simultaneously  over  the  greater  part  of  the  globe. 


H      Section  Three  :  The  Dip— its  Discovery  and  Fluctuations. 

105.  Discovery. — In  the  year  1269,  Pierre  de  Maricourt, 
a  monk,  known  generally  in  literature  as  Peter  Peregrinus — 
a  most  eminent  and  learned  man — wrote  a  letter  setting  forth 
his  magnetical  researches.  Among  these  he  established  the 
principal  facts  of  the  science:  that  a  magnet  had  two  poles 
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at  regard  thereunto,  as  ignorant  of  anie  such  propertie  in 
e  stone,  and  not  before  having  heard  nor  read  of  anie  such 
matter,  it  chaunced  at  length  that  there  came  to  my  hands 
an  instrument  lo  be  made  with  a  needle  of  sixe  inches  long, 
which  neeille  after  I  had  pollishefl,  cut  of  a  just  length,  and 
made  it  stand  levell  upon  the  pin,  so  that  nothing  rested  but 
onlie  the  touching  it  with  the  stone,  when  I  had  touched  the 
same,  presentlie  the  North  part  thereof  declined  down  in  such 
sort  that  being  constrained  to  cut  awaie  some  of  that  part  to 
make  it  equalle  againe,  in  the  end  I  cut  it  too  short,  and  so 
spoiled  the  needle  wherein  I  had  taken  so  much  paines. 
Hereby  being  stroken  into  some  cholar,  I  applied  myself  to 
seeke  further  into  this  effect,  and  making  certaine  learned 
and  expert  men,  my  friends,  acquainted  in  this  matter,  they 
advised  me  to  frame  some  instrument  to  make  some  exact 
triall  how  much  the  needle  touched  with  the  stone  would 
decline,  or  what  greater  angle  it  would  make  with  the  plaine 
of  the  horizon." 

106.  The  Secular  Change  in  the  Dip.-— Since  the  move- 
ment in  space  of  a  freely  suspended  needle  is,  for  conveni- 
ence, represented  by  that  in  two  planes — the  horizontal  and 
the  vertical — or  by  Variation  and  Dip;  and  since  one  of  these 
components  is  subject  to  a  variety  of  periodic  fluctuations, 
it  would  be  natural  to  infer  that  the  other  (inseparably  bound 
to  it)  should  partake  of  the  same  changes,  and  such  is  the 
fact,  established  by  observation;  the  Dip  is  characterized  by 
secular,  annual,  and  diurnal  fluctuations,  but  the  amount  is 
much  less  than  in  the  Variation.  Tables  7,  9,  11.  15.  and  16 
ilhistrate  the  secular  change  at  diverse  places;  consider  first 
the  one  covered  by  the  longest  period  of  observation — Lon- 
don: in  1476,  the  Dip  was  tending  toward  a  maximum,  which 
it  reached  about  1723:  ever  since  it  has  been  decreasing, 
with  a  change  of  7°  27'  in  177  years,  or  an  average  of  2'.5  a 
year.  At  the  Cape  of  Good  Hope,  the  change — a  continued 
,  increase — was  14°  in  129  years,  nearly  7'  a  year.     At  Cam- 
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URNAL  FLUCTUATION  OF  THE  DIP  AND  HORIZONTAL  IN- 
TENSITY  AT  THE  U.  S.  MAGNETIC  OBSERVATORY  (OLD 
SITE).  IN  WASHINGTON,  D.  C.  FOR  THE  YEAR  1890. 


Table  17. 

Table  20. 

Mean  Hourly  Values  for  the  Year. 

Hours. 

Din 

Horizontal  Intensity, 

AVI|/. 

C.G.S.  Units. 

I  A.M. 

71°     04'      24" 

0. 19S626 

2     •' 

04      22 

629 

3    " 

04      21 

632 

4    •• 

04      19 

641 

5    " 

04      17 

651 

6    •• 

04     15  Min. 

658  Max, 

7    •• 

04     21 

644 

8     " 

04     40 

587 

9    " 

05     04 

511 

10    •* 

05     15  Max, 

463 

II     •• 

05     13 

454  Min» 

Noon 

05     00 

488 

I  P.M. 

04     37 

558 

2    •* 

04     21 

616 

3    " 

04     17 

646 

4    •• 

04     15   Min, 

65 8  Max, 

5    •• 

04     19 

653 

6    •• 

04     24 

637 

7    " 

04     28  Max 

623 

8    •* 

04     27 

623  Min, 

9    *• 

04     27 

624 

lo    •• 

04     26 

626 

II     •• 

04     25 

627 

Midnight 

04     25 
71"    04'    31" 

0. 19S624 

Mean  for  the  year 

0. 198604 

lount  of  annual  change,  and  the  probable  completion  of  a 
:le,  all  vary  with  locality. 

107.  The  Annual  and  Diurnal  Changes  in  the  Dip. — An 
uial  change,  which  appears  in  the  mean  of  summer  being 
?ater  than  that  of  winter,  has  also  been  found  by  obser- 


lon. 


The  diurnal  change  in  the  Dip  at  Washington  for  1890  is 
en  in  Table  17,  illustrated  by  Fig.  165:  the  figures  oppo- 
i  each  hour  represent  the  mean  of  observations  on  every 
i  of  the  year. 
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Table  15. 
icular  change  in  the  dip  at  london, 


ear. 

Dip. 

Year. 

Dip. 

Year. 

^576 

71- 

50' N. 

1863 

68" 

1 
12' N. 

1882 

1600 

72 

00  N. 

1864 

68 

09  N. 

1885 

1676 

73 

30  N. 

1865 

68 

08  N. 

1886 

1723 

74 

42  N. 

1866 

68 

05  N. 

1887 

1773 

72 

19  N. 

1867 

68 

03  N. 

1IB9O 

1786 

72 

09  N. 

1868 

68 

02  N. 

189I 

1801 

70 

36  N. 

1869 

68 

00  N. 

1892 

1821 

70 

03  N. 

1870 

68 

00  N. 

1893 

1830 

69 

38  N. 

1871 

67 

56  N. 

1894 

1838 

69 

17  N. 

1872 

67 

54  N. 

1895 

1854 

68 

31  N. 

1873 

67 

51  N. 

1896 

i860 

68 

19  N. 

1874 

67 

50  N. 

1897 

Table  16. 

secular  change   in   the  dip  at  the  c. 

hope.  south  africa. 


Year. 

Dip. 

43'  00' S. 

Year. 

Dip. 

Yea 

175I 

1839 

1 

53"  06' S. 

I 

1770 

44  24  S. 

1841 

53  09  S. 

^ 

1774 

44  30  S. 

1842 

53  15  S. 

1775 

45  18  S. 

1843 

53  20  S. 

1780 

46  48  S. 

1844 

53  29  S. 

1792 

47  24  S. 

1845 

53  29  S. 

I8i8 

50  36  s. 

1846 

53  32  S. 

1836 

52  24  S. 

1 

1847 

53  40  S. 

bridge  (see  Table  7),  in  1780,  the  Dip 
tained  a  maximum  in  1850 — then  decrea- 
to  this  day,  the  change  being  4°  43'  in  ; 
At  Acapulco  (Table  9)  the  change  has 
2'.4  a  year.    At  Washington  (Table  1 1  '• 
moving  toward  a  maximum — reache' 
ever  since  been  decreasing,  with  a  cl" 
years,  or  i\y  a  year. 

Thus  it  will  be  seen  that  the  d 
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receive  attention  and  systematic  observation;  and  because  of 
crude  experiments  made  over  a  moderate  extent  of  territory 
showing  no  change  in  it,  the  intensity  was  at  first  considered 
to  have  the  same  value  in  all  parts  of  the  Earth. 

But  Borda  reasoned  otherwise,  although  liis  own  experi- 
ments covering  an  area  that  embraced  Brest  and  Teneriffe, 
yielded  no  strong  evidence  to  change  the  prevaihng  opinion, 

In  1785,  Captain  de  ia  Perouse  of  the  French  Navy,  sailed 
from  Brest  with  two  frigates  on  a  voyage  of  exploration  and 
scientific  research. 

At  ihe  instance  of  Borda,  the  French  Academy  of  Sci- 
ences prepared  instructions  for  this  expedition  for  determin- 
ing by  systematic  observation  of  the  oscillations  of  a  vertical 
needle,  both  afloat  and  ashore,  the  intensity  of  Ihe  Earth's 
magnetism. 

Paul  de  Lamanon.  a  member  of  the  expedition,  carried  out 
the  instructions;  and,  as  a])pears  by  a  letter  from  him  read 
before  the  French  .Academy  in  1787.  found  that  the  total  in- 
tensity was  less  in  the  tropics  than  toward  the  poles. 

The  two  ships  with  all  on  board  were  lost — when,  or 
where,  has  never  been  ascertained:  the  last  letters  from  Cap- 
tain de  la  Perouse  were  dated  in  1788  from  Botany  Bay.  To 
Borda  through  scientific  induction  and  to  Lamanon  through 
actual  observation  are  due  the  first  knowledge  of  the  varia- 
bility of  magnetic  intensity  with  locality;  but  to  Humboldt 
is  due  its  incorporation  in  science  as  a  physical  law.  from  his 
-extensive  experiments  in  various  parts  of  the  world  from 
LJ798  to  1804. 

I        Humboldt  measured  the  total  intensity,  and  his  method 

IPwas  to  estimate  it  in  the  number  of  oscillations  that  the  same 

needle  made  in  a  specific  time  at  different  places:    thus  at 

Paris  the  needle  made  245  oscillations  in  ten  minutes,  at 

tficuipampa  in  Peru,  211;  and  at  Lima.  2ig.    The  station 

ar  Micuipampa  was  in  lat.  7°  2'  S.  and  long.  78°  48'  W. 

1  Greenwich,  at  an  elevation  on  the  Andes,  and  where  his 
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needle  had  no  dip — on  the  magnetic  equator,  in  fact.  Pro- 
ceeding either  north  or  south  from  this,  the  needle  dipped 
in  opposite  directions  and  the  number  of  its  osciilaiions  in- 
creased: hence  he  concluded  that  the  line  of  least  intensity 
coincided  wiih  the  line  of  no  dip,  and  he  arbitrarily  assigned 
to  the  intensity  of  Micuipampa  ihe  value  imxiy.  This  is  the 
origin  of  Humboldt's  standard,  which,  however,  is  chiefly  of 
historic  interest  now,  as  it  and  all  other  relative  standards  are 
disappearing  in  favor  of  the  absolute  measure  in  dynes. 

It  has  been  shown  on  Chart  T,  and  explained  in  Art- 
94.  how  the  total  intensity  increases  from  Equator  to  Pole, 
while  the  converse  is  true  of  the  horizontal  component  as 
shown  on  Chart  IV — that  it  decreases  in  proceeding  over  the 
same  ground,  that  is,  from  Equator  to  Pole. 

Observations  subsequent  to  Humboldt's  have  proven 
that  the  line  of  no-dip  is  neither  a  line  of  least,  nor  of  equal, 
intensity.  Both  the  !ine  of  no-dip  am!  that  of  leas;  intensity 
gird  the  globe  as  undulating  curves  in  equatorial  regions: 
throughout  the  circuit  of  the  former  a  freely  suspended 
needle  will  assume  a  horizontal  direction — on  the  latter  tVie 
magnetic  force  has  evervwhere  the  same  value:  each  liine 
may  be  surrounded  by  a  system  of  parallels  of  more  or  Icrss 
regular  contour,  the  one  of  equa!  dip.  the  other  of  equal  in- 
tensity, both  increasing  in  value  as  we  proceed  toward  tlie 
Poles,  until  the  firsi  encloses  an  area  where  the  needle  stand's 
vertical  and  the  second  a  region  of  greatest  intensity. 

109.  The  Horizontal  Component  especially  important.— 
Where  the  values  of  the  lines  of  equal  total  iiUensity  are  re- 
solved into  two  components — horizontal  and  vertical — and 
the  former  are  delineated  upon  a  plane,  we  have  the  sysieit 
of  lines  of  equal  horizontal  iniensily  given  on  Chart  I\".  This 
is  the  most  important  system,  because  it  represents  for  every     ' 
part  of  the  Earth  the  value  of  the  force  that  gives  direction 
to  compass-needles,   as  well  as  the  factor  that  enters  into     I 
many  electrical  calculations.     Both  the  whole  value  of  the     ■ 
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horizontal  intensity  and  its  variability  with  time  and  place  are 
very  small  quantities,  and  can  be  determined  accurately  only 
with  the  most  delicate  instrnments  and  every  refinement  of 
■observation  and  correction. 

The  loss  of  magnetism  in  the  magnet  useil  and  the  in- 
accuracies due  to  changes  of  temperature  are  the  most  fruit- 
ful sources  of  error,  and  from  the  want  of  appreciation  ut 
these  in  early  observations,  as  well  as  imperfection  of  instru- 
ments, the  older  records  of  intensity  are  far  less  trustworthy 
than  recent  ones.  Of  course  the  same  may  be  said  of  all 
physical  |)henoniena,  but  it  is  especially  true  of  magnetic  in- 
tensity: anil  it  will  be  better  appreciated  when  it  is  stated 
that  a  dyne  itself  is  a  small  mea.sure,  and  yet  the  daily  varia- 
bilily  of  the  horizontal  intensity  occurs  only  in  the  fourth 
figure  of  the  decimal  fraction  of  a  dyne  that  represents  the 
horizontal  intensity. 

^L     no.  The  various  changes  in  the  Intensity — all  small 

^L-In  Tables   18  and   19  are  given  the  horizmUal  intensity  at 

^v3ew  York  and  Washington  from  the  earliest  epochs  of  it? 

observation  to  the  present  time:  the  period  covered  is  not 

yet  long  enough  to  infer  any  secular  change,  or  whether  there 

i^a  cycle  of  recurrent  values;  and  the  same  is  true  of  all  other 


Taiu.k   18. 


n  ■   1 

Vc*r. 

inllK'y^,.. 

v™-. 

In»n.,<y. 

m  C-G.S,  I'niu. 

|BI2 

0.1836 

1855 

0.1B16 

1835 

O.X832 

i860 

0.1868 

■83^ 

0.1850 

187J 

0.1836 

1841 

0.1854 

1885 

O.I 96a 

1842 

0..85B 

tSqo 

0,1870 

1344 

0.184S 

1895 

0.1894 

1846 

D.1843 
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INTENSITY    AT 


Kotnsnul 

Year. 

c.i;.s.  Un.«. 

C?G!s!"uoi'u. 

coiru'™ 

I8<i 

U.1990 

[86S 

0.199a 

I8S3 

o.aoii 

1843 

0.197:1 

1869 

1883 

IQlfi 

lS4:l 

0.1986 

1870 

O.ii07 

1884 

184s 

D-I953 

1871 

0.2c q8 

18B5 

3oa7 

IB53 

0..967 

1872 

1S86 

3030 

1855 

■873 

0.3003 

1887 

aoig 

1856 

0:1986 

'B74 

o.aoos 

1 888 

ioo6 

I8S8 

0.1962 

1875 

0.J007 

18B9 

lBS9 

0..986 

1876 

0.1009 

l8qo 

2005 

iBbu 

0.1991 

1877 

0,301s 

1891 

2004 

1863 

0-1991 

1S78 

o.aoi4 

189> 

2W>5 

1863 

0.1980 

1879 

0.30I5 

1393 

■  860 

0.1983 

1880 

0.3018 

1895 

1B67 

O.I991 

18S1 

o.3oao 

parts  of  the  Earth  where  the  intensity  has  been  observed. 
It  may  be  remarked,  however,  that  at  Washington  there  was 
;i  B«ieral  iipivani  tendency  from  /S^S  to  1S86,  and  since  then 
ii  vacillating  unsteadiness  about  a  mean  value. 

At  New  York,  no  regularity  whatever  is  discernible:  the 
liyiircs  strike  indiscriminately  around  a  central  one. 

That  there  is  an  annual  fluctuation  of  the  total  intensity 
lijin  liccii  well  established  by  extended  and  careful  observa- 
llNriN  lit  three  widely  separated  stations — Toronto,  Kew,  and 
llic  (  Jipc  of  Good  Hope:  its  value  is  greatest  during  the  win- 
in  iniintlis,  and  least  during  the  summer,  the  maxima  and 
iiiiiiiiiiii  occurring  at  the  solstices. 

'I  lir  iliiinuit  fluctuations  of  the  horizontal  intensity  is  an- 
nllii-i  ivrll-cstablished  fact:  Table  20,  illustrated  by  Fig.  166, 
,i|iiin'ti  il  at  Washington  for  the  year  1890.  The  record  wasa 
Miiilliiiiiiiis  ])hi)tngraphic  cur\'e,  converted  into  absolute 
iiiiiiaiiii-  (dynes)  by  direct  observation  with  a  magnetometer 
.il  tiifiiiriii  iiUfrvals:  the  value  opposite  each  hour  of  Table 
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20  represents  the  mean  of  observations  on  every  day  of  the 
year;  from  the  mean  of  three  such  years — 1889,  '90,  '91 — 
the  following  is  the  daily  fluctuation  of  the  horizontal  intens- 
ity at  Washington:  at  i  a.m.  the  value  was  0.198640  dyne; 
then  it  increased  to  the  first  maximum,  0.198678,  at  6  a.m.; 
next  decreased  to  the  first  minimum,  0.198^/1^,  at  10.45  a.m.; 
then  increased  to  the  second  maximum,  0.198675,  at  4  p.m.; 
and  finally  decreased  to  the  second  minimum,  0.198630,  at 
8  p.m.,  whence  it  increased  to  pass  through  a  similar  cycle  on 
the  following  day.  And  such  is  the  fluctuation  (with  varia- 
bility due  to  season,  locality,  and  disturbance)  in  all  parts  of 
the  world — frequently  masked  and  often  much  interrupted 
within  the  tropics,  but  fairly  periodic  in  temperate  zones. 

Disturbances — sudden  and  abnormal — break  in  upon  the 
intensity,  and  they,  too,.are  periodic. 


CHAPTER   Vni. 


INSTRUMENTS    AND    METHODS    USED    FOR     DETERMlff-J 
ING    THE    MAGNETIC    ELEMENTS. 


Section  One  :  To  Determine  the  Variation  at  Sea  and  on  Shore,  ^ 

III.  The  Variation  fitnn  swinging  ship. — At    sea, 
Variation  can  be  best  determined  by  time-azimuths  of 
Sun,  observed  with  an  azimuth  circle  and  standard  comps 
\vhile  steaming  successively  on  thirty-two  equidistant 
Form  [I],  supphed  to  the  Naval  Service,  was  devised  to 
cilitate  the  computation. 

Favorable  conditions  should  be  chosen  for  the  work— 1 
smooth  sea.  Uttie  wind,  and  a  clear  Sun;  and  the  observations 
should  be  commenced  at  the  lowest  altitude  that  will  alli 
completing  the  series  before  sunset,  or  if  in  the  morning,  as 
soon  after  sunrise  as  practicable. 

First,   make  two  rapid   and  complete  circles — one  W" 
each  helm— to  shake  out  any  temporary  magnetism  that 
have  lodged  in  the  sliip  while  lying  or  steering-  in  one  <lir( 
tion  for  some  time  previous  to  the  operation. 

During  the  observations,  the  change  of  course  should 
made  slowly,  with  a  rest  of  about  four  minutes  on  each  point. 
the  observation  to  be  taken  toward  the  end  of  each  periwl. 
when  the  magnetic  action  has  had  time  to  produce  its  effi 

The  Sun's  bearing  by  compass  should  be  closely  watcl 
while  the  ship  is  steady  on  each  point,  so  that  the  obsei 
may  be  well  satisfied  of  its  actual  bearing  when  he  gives  tl 
word  "mark!"  to  the  assistant  noting  time. 
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Should  circumstances  endanger  getting  observations  on 
thirty-two  points,  then  observe  on  sixteen,  or  eight,  with  full 
lime  on  each. 

Form  [I]  is  so  complete  for  the  purpose  that  it  is  super- 
fluous to  treat  the  subject  more  at  length. 

An  analysis  of  the  resulting  Deviations  in  column  9  o{ 
the  Form,  gives  the  "  constant  A  " — to  be  subtracted  from 
the  Variation  obtained  in  column  8;  and  the  remaining  value 
is  then  probably  the  most  reliable  Variation  that  can  be  had 
from  observations  at  sea. 

112.  The  Variation  from  observations  ashore  with  Com- 
pass and  Azimuth  Circle. — Both  the  U.  S.   Navy  Compass 

and  the  A^imutli  Circle  are  in  reality  very  accurate  instni- 
inents.  and  although  not  of  the  refinement  of  the  unifilar 
magnetometer,  still  such  close  approximation  to  exact  work 
is  attainable  with  them,  that  no  opportunity  to  do  it  should 
be  omitted. 

The  comjjass.  circle,  tripo<l.  and  hack  chronometer  are 
to  be  taken  ashore  and  a  spot  found  where  no  <Iisturbing 
matter  lies  hidden:  this  may  be  ascertained  by  two  sets  of 
reciprocal  bearings  on  lines  at  right  angles  to  each  other,  the 
compass  and  a  staff  being  set  up  successively  at  the  ends  o' 
each  line,  not  more  than  a  hundred  feet  apart.  If  the  direct 
and  reverse  bearings  differ  by  180°,  the  spot  may  be  consid- 
ered desirable;  otherwise  not. 

In  such  a  spot  take  two  series  of  time  azinuuhs — -one  in 
the  early  morninj;  and  the  other  late  in  the  afternoon  when 
the  Sun  has  about  the  same  altitude — and  the  mean  Variation 
from  both  sets  should  be  very  accurate. 

113.  The  Gambey  Variation  Magnet.— This  instrument 
is  used  on  shore:  it  consists  essentially  of  a  magnet  suspended 
horizontally  by  a  fiber  of  silk,  a  graduated  circle,  and  a  tele- 
scope which  may  be  arranged  for  observing  either  the  mag- 
net or  a  celestial  body. 

In  Fig.  167,  the  magnet — a  thin  bar — hangs  in  the  box 
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//  by  a  fiber  pendant,  within  a  glass  tube,  from  a  torsion  circle; 
each  end  of  the  magnet  is  fitted  with  cross-wires,  shown  apan 
at  A;  they  may  be  observed  through  openings  at  M. 

The  telescope  T  has  motion  in  a  vertical  plane;  it  is  maJe 
for  observation  either  of  a  distant  object  or  one  close-lo,  by 
combining  two  lenses  of  different  aperture  and  focal  length, 
and  employing  shades  for  excluding  I  he  rays  that  would 
otherwise  fall  on  the  lens  in  use  at  the  time.    A  second  tde- 
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scope  L  is  attached  to  the  circle  C  ^nd  is  kept  pointed  to  a 
distant  mark  while  observing  with  T.  The  middle  part  oi  the 
magnet  is  surrounded  by  a  copper  tube  so  that  the  magnet 
may  be  turned  round  its  own  axis  in  this  as  a  stirrup,  doors 
being  provided  in  the  box  to  admit  the  hand  for  this  purpose. 
The  box  is  removable  in  halves  so  that  the  magnet  mayftj 
replaced  by  a  copper  weight  to  allow  the  fiber  to  undo  K 
twist  in  it.  Two  verniers  with  tangent  screws  are  fitted  toq 
circle  C.    At  F  there  is  a  riding  level. 

The  box,  vernier-arm,  and  pillars  supporting  the  t 
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scope  T — all  move  in  one,  on  a  plale,  roinul  the  central  stem 
P  of  the  instrument. 

The  adjustmeitis  are:  ist,  leveling'  the  horizonial  cir- 
cle; 2d.  determining  the  collimation  error  of  the  telescope; 
to  do  this,  it  is  arranged  for  observing  a  near  object — a 
tine  of  the  circle— and  this  is  observed  with  the  telescope 
direct  and  reversed  on  its  Y's;  3d,  ascertaining  whether  the 
line  of  collimation  passes  through  the  vertical  axis  of  the 
system,  by  pointing  the  telescope  at  any  line  of  the  circle, 
and  then  revolving-  it  in  a  vertical  plane  round  the  horizontal 
axle  so  as  to  observe  the  reading  on  the  opposite  half  of  the 
circle;  bo'Ji  readings  should  differ  by  180°;  if  not,  the  tele- 
scope must  be  shifted  laterally  by  means  of  a  screw  for  that 
purpose;  the  line  of  collimation  is  the  axis  of  the  telescope, 
passing  through  the  center  of  the  object  glass  and  the  center 
of  the  cross-wires  in  the  focus;  4th.  freeing  the  fiber  of  iwHst 
by  hanging  the  copper  weight  from  it  for  some  time  while 
the  box  is  turned  in  the  magnetic  meridian. 

To  make  the  observations :  iXn^ci  both  telescopes  T  and  L 
upon  a  distant  mark,  and  read  the  verniers;  reverse  the  tele- 
scope T  in  its  Y's  and  repeat  this;  take  the  mean  of  all  read- 
ings. Leave  L  set  npon  ihc  mark,  and  turn  T  toward  the 
Sun;  clamp  all  parts;  note  by  chronometer  the  time  of  transit 
of  each  limb  of  the  Sun  across  the  central  wire.of  7",  and  read 
the  verniers:  this  affords  data  for  finding  the  reading  of  the 
true  meridian  on  the  horizontal  circle — see  Art.  lyj.  where 
the  problem  is  explained.  Leaving  L  still  set  upon  the  mark, 
turn  the  system  carrying  T  until  this  telescope  (now  ar- 
ranged for  observing  a  near  object)  is  in  the  magnetic  me- 
ridian, and  direct  it  to  the  north-end  of  the  magnet;  when  the 
cross-wires  of  both  telescope  and  magnet  coincide,  read  the 
verniers  and  note  the  time;  reverse  the  telescope  in  the  Y's 
and  repeat  this:  take  the  mean  of  the  readings.  Direct  the 
telescope  to  the  south-end  of  the  magnet  and  make  a  similar 
series  of  observations.    Now  turn  the  magnet  round  its  own 
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axis  until  the  under  side  becomes  the  top,  and  repeat  ihe 
preceding  observations  on  each  end  of  the  magnet.  The 
mean  of  the  tour  sets  of  readings  will  give  tiie  \'ariation  when' 
compareii  with  the  reading  of  the  circle  corresponding  to  the 
true  meridian:  and  lo  be  sure  that  the  circle  has  not  moved 
during  the  observations,  the  telescope  T  should  be  finally 
directed  to  the  distant  object,  and  the  reading  of  the  verniers, 
compared  with  what  it  was  at  first.  About  lo  a.m.  is  the 
I>est  time  to  make  an  observation,  a."!  the  magnet  theli  occu- 
pies more  nearly  its  mean  position  for  the  day- 


Section  Two :    To  Determine  the  Dip  and  Total  Intensity  with 
Barrow's  Circle  on  Shore. 

114.  The  instrument  described, —  1-ig.  ifiH  represents  it, 
arranged  for  Dip,  It  consists  of  a  wootlen  box  B,  with  a 
ground-glass  back — hinged,  so  as  to  open,  and  a  clear  pane  of 
glass  in  front — immovable;  facing  this,  two  pillars  P  support 
a  fixed  vertical  circle  C;  against  this,  cross-arms  A  turn  on 
the  horizontal  axis  H,  carrying  the  tangent  screw  T,  verniers 
V,  lenses  L.  for  reading  them.  an<l  microscopes  M.  with 
cross-wires  in  focus  of  each,  for  observing  the  ends  of  lhe> 
dipping-needle:  £  is  a  level  fixed  on  the  box:  this  whole  sys- 
tem revolves,  in  one,  round  the  vertical  stem  D;  to  this  stem, 
are  firmly  attached  the  foot-screws  F  and  the  horizontal  cir-' 
cle  K.  provided  with  vernier  and  clamp  {not  visible).  Within 
the  box  B  there  is  a  needle  ns,  having  an  axle  through  its 
center  of  gravity,  which  rests  on  two  agate  knife-edges:  Q' 
is  a  screw,  which,  turned  forward,  causes  two  forks  to  rises 
under  the  axle  and  lift  the  needle  fron>  its  agate  rails;  re- 
versed, it  lets  the  axle  down  again  and  centers  it  in  the  cir*; 
cleC. 

The  needle  has  free  motion  in  the  vertical  plane  oh/v,  andl 
when  this  plane  coincides  with  the  magnetic  meridian,  thlS 
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needle  points  in  ihe  direciion  of  the  total  iiitciisity  at   llie 
angle  of  the  Dip, 


115.  FormuliB  for  determining  the  Dip.— -Consider  Fig. 
J  as  representing  t!ie  needle  us  on  ils  agate  supports  in  the 
rtical  plane  of  the  magnetic  meridian;  let  OR  =  T,  repre- 

t  the  direction  and  amount  of  the  Total  Intensity;  then 
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OCBy  being  the  horizontal  plane,  the  components  of  T  in 
this  and  in  the  vertical  plane  respectively,  are  OB  =  H,  and 
BE  =  Z;  BOE  =  D,  is  the  Dip.  " 


The  vertical  component  Z  is  the  same  in  every  azimuth, 
that  is.  BE  ^  a-  =  OA  =  Z. 
Then  by  Trig. 


sin  Z*  =  ^,      .*.   ^=  7".  sin  i?, 


(0 


"  Z' 


H=  T.  cos  A 


(!) 


Now  let  the  box  containing  the  needle  be  turned  round 
its  vertical  axis  by  any  amount,  say  the  angle  BOC  =  x,  until 
the  needle  takes  the  direction  n's'  in  a  new  dip,  D';  then  the 
trace  of  this  direction  on  the  horizontal  plane  wall  be  OC 
Resolving  H  (—  OB)  into  this  trace  and  perpendicular  to  it. 
we  have  OC  and  CB,  latter  equal  to  Oy;  or  by  trigonometry, 
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COS  X  =  TTw 


COt  COF  =  cot  D' 


OB  ~  H' 
CB  CB 
OB  ~    H' 

OC        H.  cos  X 


247 

■.   OC=H .  cos  J-,   .     (4) 

-.   CD  =  y/.sin  X,     .      (5) 

•      (6) 


from  (4),  and  since  CF 
(6)  becomes 

cot  ly  =  cot  D .  cos  X. 


then  by  means  of  (3),  equation 


(7) 

The  component  Oy  being  perpendicular  to  the  vertical 
plane  through  the  needle,  is  parallel  to  its  axle — tending  to 
slide  it  laterally  on  the  agate  bearings,  and  hence  is  neutral- 
ized: only  OC,  or  H.  cos  .v.  see  eq.  (4),  has  any  effect  in  giving 
motion  to  the  needle  toward  the  horizontal  plane;  it  has  a 
maximum  value  when  the  needle  is  in  the  vertical  plane  of 
the  magnetic  meridian,  and  steadily  decreases  as  the  needle 
departs  from  that  plane  until  it  arrives  in  one  perpendicular 
to  the  meridian,  when  the  value  becomes  zero;  w-ith  this  mo- 
tion of  the  needle  in  azimuth  corresponds  an  increase  in  the 
Dip  until  the  needle  stands  vertical  at  the  instant  the  plane 
through  it  makes  an  angle  of  90°  with  the  meridian:  this, 
moreover,  is  evident,  since  no  part  of  the  horizontal  com- 
ponent then  remains  to  pull  the  needle  out  of  the  vertical. 

By  reference  to  the  trigonometrical  formula  in  Part 
Sixth,  it  will  be  seen  that  these  facts  are  deducible  from  equa- 
tion (7)  .  .  -  cot  D'  —  coi  D  .  cox  .r;  for  if  j-  =  o.  then  cos  0° 
=  I,  and  cot  D'  =  cot  D,  whence  D'  =  D,  or  the  needle  indi- 
cates the  natural  Dip  of  the  place;  and  if  x  =  90°,  then  cos 
90°  =  o,  and  cot  /?' ~  o,  whence  D'-^cfo",  or  the  needle 
^Stands  vertical. 

Now  let  the  needle  be  turned  successively  in  azimuth  to 
hiy  two  positions  such  that  the  vertical  planes  through  them 
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make  with  each  other  an  angle  of  90";  this  is  represented  in 
Fig.  170,  where  OB  is  the  magnetic  meridian,  and  OC  and 


Fic.  ,70. 

OC  are  the  traces  on  the  horizontal  plane  of  the  vertical 
planes  through  the  two  positions  of  the  needle.  COC  =  90°; 
BOC  =  x\  BOC  =  90°  —  x. 

Let  D'  be  the  Dip  in  position  OC,  and  D"  in  OC:  then  by 
eq.  (7)  for  the  two  positions,  we  Iiave 


cot  ry  =  cot  D.  cos  X, 


(?) 


cot  D"  =  col  D .  cos  (90°  —  J-)  =  cot  /) .  sin  x.  ■    (*) 

Squaring  (7)  and  (8)  and  adding  them,  we  have 

cot'  D'  +  cot*  D"  =  cot'  ZJ(cos'  X  -\-  sin'  x)  =  cot*  D,  .    (9) 

wliich,  since  D  is  the  Dip  in  the  tneridian,  or  that  proper  to 
(he  locality,  affords  a  means  of  determining  it  from  observe" 
tinns  of  the  Dip  D'  and  D"  in  any  two  azimuths  uirf  of  the 
magnetic  meridian,  provided  they  form  a  right  angle  with 
ciich  other. 

116.  Means  of  correcting  errors  due  to  defects  of  the 
instrument — However  carefully  a  dip  circle  may  be  made, 
blill  it  is  liable  to  have  certain  small  defects;  the  mode  of  cor- 
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reeling  errors  due  to  these,  as  well  as  the  essentials  of  a  per- 
fect instrument,  will  now  be  stated,  reference  being  made  to 
Fig.  ifi8;  by  "  iaec"  of  the  instrument  is  meant  the  gradu- 
ated surface  of  the  circle  C. 

tsi.  The  zero-line  (0°)  of  the  vertical  circle  C  should  be 
horizontal:  if  not,  two  observations — first  with  face  east  and 
then  west — will  afford  readings  whose  mean  will  be  free  from 
this  error.    (In  Fig.  168  the  0°  is  erroneously  placed.) 

2d.  The  axle  of  the  needle  should  be  in  the  center  of  the 
circle  C,  and  the  screw  Q  for  raising  and  lowering  it,  centers 
it  by  this  action;  but  if  not,  the  mean  of  the  readings  of  both 
ends  of  the  needle  will  correct  for  any  eccentricity. 

_?(/.  The  magnetic  axis  shonld  coincide  with  the  axis  of 
figure  of  the  needle:  if  it  does  not,  take  the  mean  of  two 
readings— one  with  the  marked  side  of  the  needle  toward  the 
observer  and  the  other  with  the  KHmarked  side  toward  him, 
having  turned  the  needle  over.  Four  needles  are  furnished, 
each  numbered  and  poles  marked  on  one  face,  for  conven- 

Eitly  referring  to  them. 
4ih-  The  upper  surface  of  the  agate  rails  should  be  hori-  . 
ntal:  if  not.  the  needle  will  tend  to  roll  down  them,  and  the 
error  thus  induced,  will  be  eliminated  by  taking  the  mean  of 
two  observations,  with  the  face  of  the  instrument  first  east 
and  then  west, 

j//i.  The  axle  should  pierce  the  exact  center  of  gravity 
the  needle:  otbenvise,  the  preponderating  weight  of  steel 
ill  assist  or  oppose  magnetic  attraction  according  to  the 
■e  of  the  axle  on  which  it  exists,  and  an  observation  would 
due  to  gravity  and  magnetism  combined,  rather  than  to 
latter  alone.  To  eliminate  the  error,  the  poles  of  the 
leedle  must  be  reversed  by  magnetizing  it  with  steel  bars 
■ovided  for  that  purpose:  then  it  is  evitlent  that  if  greater 
weight  were  in  the  upper  half  of  the  needle  before  reversal,  it 
will  be  in  the  lower  half  after;  in  the  former  case  it  opposes 
magnetic  attraction  and  in  the  latter  aids  it  to  the  same  ex- 
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tent,  SO  that  the  mean  of  two  readings,  witli  poles  direct  xaA 
reversed,  will  give  the  correct  value, 

117.  To  reverse  the  magnetism  of  the  needle. — Place  it 

flat  on  the  block  supplied  for  that  purpose,  north  end  to  llie 
operator's  right  and  marked  face  uppermost,  and  si 
with  the  brass  clasp.     Take  a  bar  in  each  hand — that  in  tiM 
right  with  its  north  pole  downward  and  that  in  the  left  ttity 
its  south  pole  downward^ — and  bring  both  lower  poles  clos 
to  the  axle,  inclining  the  bars  at  an  angle  of  about  8 
the  needle.     Usually,  there  are  ledges  on  the  block  for  gviA 
ing  the  bars  parallel  to  the  geometrical  axis  of  the  neeille. 
and  the  needle  is  slightly  sunk  below  the  surface  of  the  block, 
to  prevent  contact  of  the  bars  with  it  in  rubbing,  which  mighl 
injure  it:  draw  both  bars  slowly  and  steadily  outward  to  iIk 
ends  of  the  needle  and  beyond  them  a  few  inches — raise  ihein 
a  foot  above  the  block — bring  them  back  to  the  axle,  ami 
draw  ihem  out  again.     Do  this  ten  times.     Then  turn  llaJ 
needle  over  so  as  to  have  its  unmarked  side  uppermost,  afdl 
make  ten  passes  with  the  bars  as  before.    The  ends  that  weW 
at  first  north  and  south  poles,  are  now  south  and  north  poltf^ 
respectively.     A  weak  needle  will  indicate  the  same  Dip  ihiC 
a  strong  one  will;  but  to  overcome  friction  of  the  axle  a"" 
bearings,  as  well  as  small  impediments  of  dust,  the  nee<i'* 
should  be  strong  rather  than  weak.     W'hen  not  in  use,  the 
bars  should  be  placed  side  by  side,  unlike  poles  together,  atiwj 
well  distant  from  the  instrumetu  wliilc  observing. 

118.  To  find  the  reading  of  the  magnetic  meridian  oa  tl 
horizontal     circle.^The  instrument   must   first   be  levell* 
for  this,  lurn  the  system  carrying  the  level  E  so  that  thelsttl^ 
shall  come  successively  over  two  foot-screws  and  work  theS 
until  the  bubble  remains  in  the  middle  in  every  azimu^ 
Turn  the  system  to  face  south:  now  move  the  cross-arms 4 
until   the   microscopes  M  are   nearly   vertical,   when  clanip" 
them;  set  upper  vernier  of  arm  on  90°  by  tangent  screw  T; 
turn  system  containing  needle  until  upper  end  of  needle  ap- 
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vei 

Kknt 


■caches  wire  of  microscope,  when  clamp  system  to  circle  K\ 
•enter  needle  by  means  of  screw  Q;  complete  exact  coinci- 
dence of  wire  and  needle-point  by  tangent  screw  of  circle  A', 
and  then  read  and  record  the  verniers  of  this  circle:  set  lower 
vernier  on  90°.  bring  about  exact  coincidence  of  lower  wire 
and  needle-point  by  tangent  screw  on  circle  K,  and  then  read 
Mmd  record  the  verniers  of  this  circle  as  before.  Turn  the 
system  to.  face  north,  and  repeat  the  foregoing  observations. 
The  mean  of  all  the  readings  will  be  that  of  a  hne  at  right 
angles  to  the  magnetic  meridian;  whence,  by  applying  90°  to 
that  mean,  a  reading  is  obtaineil  to  which  the  verniers  on  the 
horizontal  circle  must  be  set  and  clamped  (by  turning  the 
moveable  system)  in  order  that  the  needle  shall  have  free  mo- 

t>n  in  the  vertical  ]>Iane  of  the  magnetic  meridian. 
119.  Procedure  of  observing  the  Dip.— This  is  implied  in 
e  enumeration  of  instrumental  defects  and  the  means  of 
eliminating  errors  due  to  them;  hut  to  be  explicit,  the  pro- 
cedure will  be  stated  here  in  connection  with  Table  21 :  in  this, 
^^K  numbers  denote  the  order  of  sequence  of  the  observation, 
^H  Tablf:  21. 
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■Ml  the  corresponding  conditions  of  instrument  and  needle 
the  side  and  top. 
Generally,  ihree  readings  for  each  end  of  the  needle  will 
suffice,  the  screw  Q  being  turned  to  center  the  needle  be- 
twecn  every  two;  the  cross-wires  of  both  microscopes  ,1/  are 
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to  be  successively  broiig'ht  into  coincidence  with  the  points  of 
the  needle  by  the  tangent  screw  T,  and  the  corresponding 
vernier  V  read  by  the  lens  L. 

When  the  instrument  is  levelled  and  reading  of  magnetic 
meridian  determined,  proceed  as  follows:    With  face  easi. 
poles  direct,  and  marked  side  of  needle  toward  observer,  tal 
readings  (i),  (i),  Table  21 ;  then  turn  the  needle  over  on 
supports  with  the  unmarked  side  toward  the  observer 
take  readings  (2),  (2);  next  revolve  the  system  containing  tl 
needle  iSo°  in  azimuth,  or  face  west,  and  with  the  imraarl 
side  of  the  needle  still  toward  the  observer,  take  readings  (; 
(3);  again  turn  ihe  needle  so  as  to  present  the  marked  side 
the  observer  and  take  readings  (4),  (4):  now  place  the 
on  the  wooden  block  and  reverse  its  poles;  return  it 
supports  with   marked  side  toward   the  observer  and  tal 
readings  (5).  (3);  turn  it  with  unmarked  side  to  the  observei' 
and  take  readings  (6),  (6);  revolve  system  180'  in  azimuth. 
or  face  east,  and  with  unmarked  side  of  needle  still  to«"ard 
observer,   take  readings   (7),   (7):   finally,   turn   needle  with 
marked  side  toward  observer  and  take  readings  (8),  (8). 
mean  of  all  the  readings  will  be  the  Dip  of  the  place  free  frt 
instrumental  errors. 

120.  To  determine  the  Total  Intensity. — The  drde 
to  be  arranged  for  this,  as  in  Fig.  171.  Four  needles  in 
are  supplied — No.  i  or  2  for  observing  the  Dip,  and  their 
poles  may  be  varied  in  strength  or  reversed  at  will  without 
affecting  the  result;  while  3  and  4  are  for  determining  the  In- 
tensity, and  iheir  magnetism  should  never  be  disturbed  hy 
increase,  diminution,  or  reversal.  All  the  needles  are  aii''^ 
in  form,  but  No.  4  has  three  small  holes  near  each  end  aloH 
its  axis  of  figure;  a  small  piece  of  platinum  is  supplied  for 
sertion  in  any  one  of  these,  and  when  its  weight  is  accural 
known  and  the  exact  distance  from  the  center  of  the  hole 
the  center  of  the  axle  is  measured,  these  data  afford  the  mean* 
of  calculating  the  effect  of  gravity  on  the  weight — its  mc>- 


o»g^ 
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ment — when   the   needle   turns.      The   weight   is  always   so 
placed  that  it  opposes  terrestrial  magnetic  attraction — on  the 
ler  end  of  the  needle. 


U^^ 


121.  The  principle  involved  in  determining  the  Intensity. 

— Tt  mav  be  slated  thus:  needle  No.  3  is  placed  on  the 
agate  rails  and  the  box  turned  until  the  needle  is  free  to  move 
in  the  vertical  plane  of  the  magnetic  meridian,  when  it  settles 
into  ihe  line  of  Dip:  Xo.  4  is  placed  on  the  cross-arms  as 
shown  in  Fig.  171,  and  these  are  successively  turned  into  two 
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specific  positions,  causing  in  each  a  deflection  of  No.  3  froi 
the  natural  line  of  Dip.  This  deflection  is  a  position  of  e 
librium  between  the  magnetic  intensity  of  the  Earth  and  tha? 
of  No.  4:  it  establishes  a  ratio  between  these  two  intensities. 
No.  3  is  now  removed  from  the  instrnineni  and  well  away 
from  it.  and  No.  4  is  placed  on  the  agate  rails;  but  it  does  not 
settle  into  the  line  of  natural  dip  because  of  the  weight  in  its 
upper  end:  the  angle  of  deflection  from  the  Dip  V)  is  there- 
fore the  ratio  of  the  magnetic  intensity  of  No.  4  to  the  mo- 
ment of  the  weight.  This  ratio  combined  with  the  preceding 
gives  the  value  of  the  Earth's  magnetic  intensity,  as  will  r 
clearly  appear  when  put  in  the  following  form  of  equations: 


First  part  of  observation  : 

Earth's  magnetic  intensity 

magnetic  intensity  of  No.  4 
Second  part  of  observation: 

magnetic  intensity  c 


:  A.  ^known), 


"— ^  =  B.   (known). 


W'lience.  multiplying  these,  member  by  member,  and  can- 
celling tiie  term  "  Magnetic  Intensity  of  No.  4  "  common  to 
numerator  and  denominator,  we  have 


A  X  B. 


Earth's  magnetic  intensity 
moment  of  weight 

whence    Earth's    Magnetic    Intensity  =  T  =  A  X  B  X  Mo- 
ment of  AVeight  (all  known). 

A  magnetic  needle  has  two  foci  of  strength — the  poies- 
both  equal — one  near  each  end:  let  m  represent  the  strengt 
of  one  pole  and  /  the  length  of  the  needle:  tJien  the  product 
iii.l.  denoted  by  .1/,  is  defined  as  the  magnetic  moment  of  the 
neeille. 

123.  Formuls   upon   which   the   determination    of  the 
Intensity  is  based.— Eig.    17J   shows   needle   No.  4  on  the 
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agate  rails  in  equilibrium  between  the  acting  forces — the 
weight  W y  the  magnetic  moment  M  of  the  needle,  and  the 
magnetic  intensity  T  of  the  Earth.  Let  OW  =  r:  then  by  the 
figure,  BOE  =  D;  BON  =  POIV  =  <f> ;  OP  =  OW  .  cos  POW 
=  r  .  cos  0;  and  NOE  =  BOE  —  BON  =  D  —  <f>\  the  needle 
is  deflected  from  the  natural  line  of  the  Dip  OE  by  the  amount 
of  the  angle  NOE  =  D—  (f>. 
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Fig.  172. 

Resolving  the  forces  horizontally  and  vertically,  and  tak- 
ing their  moments  round  the  center  of  rotation,  we  have  for 
the  moment  of  weight  =  W  .  OP  =  JV  .  r  .  cos  0,  acting  ver- 
tically downward.  In  regard  to  the  magnetic  force,  it  must 
be  understood  that  the  action  between  the  Earth  and  the 
needle  is  one  of  mutual  attraction  at  the  lower  end  of  the 
latter,  and  equal  mutual  repulsion  at  the  upper  end,  and  that 
it  is  appropriately  represented  by  the  .product  of  both  inten- 
sities, each  with  its  proper  sign;  that  is,  considering  the  field 
of  the  Earth  minus  ( — ),  the  lower  pole  of  the  needle  must  be 
plus  (4-)  and  the  upper  minus  ( — ),  and  we  should  have  for 
the  former  ( —  T)  (+  m)  =  —  ;;/  .  7,  and  for  the  latter  ( —  7) 
( —  m)  =  +  wi .  T,     In  the  other  magnetic  hemisphere,  the 


25^  DETEJiMINATIOA'  OF   THE   RfAGNETlC  ELEMENTS. 


field  would  necessarily  be  plus,  the  lower  end  of  the  needle 
miiuis  and  the  upper  plus:  all  this,  however,  to  make  clear  tlic 
existing  conditions. 

The  force  hi  .  T  at  each  end  of  the  needle  may  be  repre- 
sented in  direction  and  amount  by  Nk  and  Sk'  as  in  Fig.  17J, 
or  by  two  pairs  of  components.  Na  and  Sa',  each  equal  to 
m ,  H,  acting  horizonlaJly,  and  A'r  and  Sc',  each  equal  w 
m.Z,  acting  vertically;  the  arm  of  the  horizontal  pair  being 
NH  +  SH',  and  of  the  vertical  pair  BB';  in  fact,  these  consiJ- 
tutc  two  couples  tending  to  motion  in  opposite  directions. 
The  moment  of  a  couple  is  the  product  of  one  of  the  forces 
into  the  arm:  hence  the  magnetic  moments  of  these  couples 
arc  m  .  H  (.VS  +  SB')  and  m.Z.  BB'.  the  former  conspiring 
willi  tlic  weight  to  rotate  the  needle  into  a  horizontal  position 
and  the  latler  lending  to  turn  it  vertically;  when  they  and  the 
moment  of  the  weight  balance,  we  have, 

m.//{NB+SB'}  +  iV.r .cos  ,p=  m.Z. RB'~,  .  (io| 
nr.  ir.msposingf 

m.Z.BJi' -  m.H{iVB-{.SF)=  W.r. cos  <t>.  .  (n) 
Lot  O.V  =  OS  =  ^L 

From  Fijj.  172,  by  Trig. 


OB  =  ON.  cos  BON=  \l.  cos  0, 


lleiHo  /.7."  =  /.  cos  -A (12) 

>;>d  simihrly.  iVA' +  ;s7?- =  / .  sin  0 (13) 

SHl.stimtiug  in  o  \\  the  values  of  (0,  (2),  (12),  and  (13)- 
nut  I. •  mom  bo  rill;:  th.«  ■* .  ,'=  J/.  Art.  121.  we  have 
v.     .-.sin  />o.w^^-.>^.  ;\oo<:/>sinc^=  H'.r. cos ^,    {14) 


.1.', 


^sin  o-i  =  jr.r.cos^.    (15) 


K 


» 
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This  by  Trig.  (Cliauvenet,  p.  21)  becomes 

J/,  r.sin  (Z?— <A)  =  IK.  r.  cos  </>,      .     .     (16) 


,,    ^       "'■  '■■  cos  <fi  ,     . 

^'■^=ffirur-r^)- (") 

W  and  r  are  determined  by  weighing  and  ineasiiring,  and  D 
and  *t>  are  observed,  and  thus  the  product  M  .  T  oi  the  mag- 
netic moment  of  the  needle  and  the  Earth's  total  intensity  be- 
comes known. 

As  the  weight  of  tV  depends  on  the  force  of  gravity, 
which  varies  with  the  latitude,  a  correction  for  (his  will  be ' 
necessary:  let  IV  =  the  weight  at  Lat.  45°,  then  the  weight 
at  any  other  latitude  L  will  be  li' =  (("  (i — It.  cos  2  L),h 
lieing  a  constant  ~  0.002588.  Tliis  is  explained  in  Part 
ixth. 

The  next  step  is  to  determine  the  ratio  of  M  to  7",  tor  com- 
lination  with  their  product,  in  order  to  eliminate  M  and  get 
the  value  of  T.  Keedle  No.  4  is  removed  from  the  agate  rails 
and  No.  3  substituted;  the  former  is  fixed  on  the  cross-arm 
and  deflects  the  latter:  when  equilibrium  results,  it  is  between 
the  magnetic  intensity  of  the  Earth  and  that  of  No.  4.  Let 
M'  denote  the  magnetic  moment  of  No.  3,  and  0'  its  angle  of 
deflection;  these  quantities  are  analogous  to  M  and  <f>  already 
used,  and  the  conditions  and  investigation  are  the  same  as 
with  No.  4  on  the  rails — the  interaction  of  Earth  and  needle 
are  similar  in  both  cases,  while  the  deflecting  mechanical  mo- 
ment of  the  weight  in  the  first  case  is  replaced  by  the  deflect- 
ing magnetic  moment  of  No.  4  in  the  second  case.  There- 
fore the  relation  between  the  Earth  and  No.  3  may  at  once 
be  written  from  the  first  member  of  equation  (15),  or  its 
reduced  form  (16),  that  is,  M' .  T  sin  (D  —  4>'):  this  is  bal- 
anced by  the  combined  magnetic  moment  of  Nos.  3  and  4, 
which  is  equal  to  the  product  of  the  moments  of  the  two 
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needles  and  a  certain  Qther  quantity,  which  call  F;  that  J 
M.M'.F. 

Tilts  qnanlity  F  is  a  function  of  the  distance  between  the"" 
centers  of  the  needles  and  of  certain  integrals  dependent  on 
the  distribution  of  magnetism  in  them:  it  wili  be  explained  ii 
Part  Sixth.     The  equation  of  equilibrium,  then,  is 


Jif.  Tsin  {D  —  <P')  =  M.M'.F,  . 


7"  sin  {D  - 

!  T 


-  0')  =  .)/.  F, 
F 


■  sin  {D  - 


py 


the  ratio  required  in  known  quantities,  for  F  is  obtained 
calculation  from  certain  measurements  that  may  be  ma< 
and  D  and  0'  are  observed. 

Multiplying  equations  (17)  and  (20).  member  by  niei 
ber,  we  have 

W.  r.  cos  0  F 


M.  T  X 


M  ' 


sin  {D  - 


whence 


^   sin(/J- 

.COS  0 


^y 


sill  {D  —  <t>)  sin  {D—^ 
Extracting  square  root  of  both  sides, 


i"~ 


(22; 


/  A'.  IF.  r.  cos  0 

'  V  sin  {D  -  «>)  sin  (Z)  —  •!>')■  '    ''" 


This  is  the  value  of  the  total  intensity  in  absolute  measure- 
dynes — when  weights  and  distances  have  been  determined  in 
grammes  and  centimetres,  and  time  in  seconds. 

Compared  with  the  method  to  be  given  hereafter  for  de- 
termining the  horizontal  component  of  the  intensity,  it  is 
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especially  accurate  in  latitudes  toward  tlie  magnetic  poles 
where  tlie  horizontal  component  becomes  less  and  less  and 
the  total  intensity  increases;  but  even  in  equatorial  regions 
it  has  yielded  excellent  results, 

133.  The  factor  for  distribution  of  magnetism  in  needle 
found  by  experiment — In  eqisatfon  1.23)  the  quantity  F  is 
the  only  one  not  directly  known,  but  while  it  may  become 
so  by  calculation,  it  may  also  be  determined  by  experiment 
-with  the  dip-circle  itself:  for  this,  a  brass  fraiiie  f.  Fig.  173, 
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■with  arms,  a,  is  provided  to  slip  over  the  box  containing  the 
needle,  until  it  rests  on  ledges  on  a:  level  with  tlie  agate  rails. 
AVith  face  of  instrument  east  so  that  needle  No.  3  rests  in  line 
of  natural  dip  {NS  Fig.  173).  needle  No.  4  is  placed  at  meas- 
ured distances  on  each  arm — as  at  £ — its  axis  in  the  plane  in 
vhich  No.  3  has  free  motion;  this  is  then  deflected  to  a  certain 
angle  by  needle  No.  4,  and  the  box  is  turned  in  azimuth  until 
^o.  3  stands  vertical;  the  vertical  plane  through  OC  then 
makes  a  certain  angle  ^  with  the  magnetic  meridian — it  is 
read  off  on  the  horizontal  circle.  The  value  of  the  component 
Jf  in  this  new  direction  is, 


OC  =  OB.  cos  BOC  =  H.  cos  S. 


CM) 


b 

B^"nie  vertical  position  of  No.  3  is  due  to  its  own  magnetic 
moment  in  combination  with  two  others,  namely,  that  of  the 
Earth  and  that  of  No.  4 — tending  to  turn  No.  3  in  opposite 
directions:    the  equation  of  equilibrium  may  therefore  be 
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written  directly  from  tlie  preceding  investigation,  only  that 
here  the  value  of  H  becomes  H.  cos  f ;  hence, 

M'.  Z.  cos  0'—  M'.  H .  cos  ^.  sin  0'  =  M'.  M,  F.    (15) 

But  since  No,  3  is  vertical,  its  deflection  ^'  equals  90°, 
whence  cos  90*  =  o,  and  sin  go"  =  r,  and  equation  (35) 
becomes 

—  Af.  //.  cos  t)  =  M'.  M.  F,      .     .     .    (36) 
or  —  //  cos  H  =  M.  F, 

-or  F  =  -   JJ.C0S8 (371 

If  s  denotes  the  distance  between  the  centers  of  both 
needles,  it  is  shown  in  Part  Sixth  that 

.M'.  Ml  p        a  \ 

-'■    +J+J  +  etc.j.    .     (28) 

Hence 

/=?('+^  +  l  +  "^ '''' 

Equating  both  values  of  /"from  (27)  and  (29),  we  have 

The  series  within  parentheses  converges  rapidly,  so  that 
terms  beyond  the  third  may  he  neglected.  By  obsen'ingaf 
different  distances,  or  for  various  values  of  s,  equations  are 
obtained  for  determining  or  eliminating  />  and  q,  whence  f 
is  obtained  from  (29)  and  then  T  from  (23). 

The  moment  of  a  magnet  varies  with  the  temperature, 
■diminishing  in  almost  steady  ratio  as  that  increases;  there- 
fore if  the  temperature  varies  during  the  observation  for  in- 
tensity, a  correction  must  be  made,  otherwise  the  value  of  M 
in  equations  (17)  and  (20)  will  not  be  the  same  and  cannot 
xancel  in  equation  (21). 
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The  temperature  correction  for  No.  4  may  be  practically 
determined  by  placing  it  in  a  little  trough  of  water  at  twa 
temperatures — say,  ^2''  and  132°  Fahr. — and  observing  the 
deflection  it  will  produce  on  a  delicately  suspended  needle 
at  each;  the  difference  of  the  two  deflections  divided  by  100 
will  give  the  amount  of  the  correction  for  each  degree  from 
any  standard  temperature  at  which  the  magnetic  moment 
may  be  determined. 

All  needles  are  liable  to  variation  of  their  magnetism  with 
lapse  of  time,  with  shock,  ilt-usage,  the  influence  of  iron 
masses  or  powerful  magnets:  all  these,  except  the  first,  are 
avoidable  by  care,  and  with  res])ect  to  the  first,  the  time  for 
intensity  observations  is  so  short  that  the  magnetism  of  the 
needles  may  be  considered  constant  during  it. 

The  method  of  making  intensity  observations  has  already 
been  indicated,  but  it  wilt  be  explicitly  stated  here:  in  Table 
21.  when  the  observations  for  Dip  were  finished  at  the  stage 
denoted  by  (8),  (8).  the  face  of  the  instrument  was  east ;  now 
remove  the  dip-needle,  substitute  No.  4  loaded  with  its  little 
platinum  weight,  and  observe  this  under  the  conditions  de- 
noted by  11).  (1);  (2).  (2):  (3),  (3);  and  (4),  (4)  of  Table 
21:  from  these  the  value  of  the  defection  <P  is  obtained. 

This  series  ends  ivitb  the  face  of  the  instrument  west:  now 
remove  N'o.  4  and  substitute  No.  3:  then  fix  Xo.  4  firmly  on 
the  cross-arm  A  as  indicated  in  Fig.  171.  north  pole  down- 
ward; turn  the  arm— Xo.  4  deflecting  Xo.  3  during  the  mo- 
tion— until  the  ends  of  No.  3  appear  coincident  with  the  cross- 
wires  of  their  res|>ective  microscopes,  when  read  and  record 
tlie  verniers  of  the  vertical  circle.  Revolve  the  arm  ,-f  in  the 
opposite  direction  until  the  microscope  which  was  at  first 
uppermost  is  now  below:  bring  the  ends  of  the  needle  and 
cross-wires  into  coincidence  as  before,  and  read  and  record 
the  verniers  of  the  vertical  circle:  the  readings  of  the  verticaF 
circle  in  the  two  positions  of  the  cross-arm  afford  the  data  for 
finding  the  angle  0'. 
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Section  Three :  To  Determine  the  Dip  and  Total  Intensity  at  Sei 
with  Foi's  Circle, 


124.  The  Fox  Circle  described — This  instrument  was 
devised  specially  for  ubservatioiis  at  sea,  and  has  been  exieii- 
sively  used,  yielding  very  good  results  even  under  unfavor- 
able conditions  of  wind  and  weather:  it  is  therefore  a  tried 
and  reliable  instrument. 

It  consists  (see  Fig.  174)  of  a  frame  P  supporting  a  eirc»-« 


lar  brass  box  which  has  a  glass  cover  hinged  at  G\  near  ^ 
rim  of  the  box  are  two  graduated  circles  A  and  D  \ 
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faces,  while  being  in  parallel  planes,  are  yet  sunken  one  below 
Ihe  other,  so  that  the  needle  ns  swinging  over  the  graduation 
of  D  is  still  below  the  level  of  A  ;  thus  the  ends  of  the  needle 
and  the  divisions  of  both  circles  coincident  with  them  are 
seen  together — a  means  of  avoiding  errors  of  parallax  as  well 
as  of  constituting  a  vernier:  the  zero-line  (0°)  of  graduation 
is  horizontal.  The  bracket  E  has  an  in-aud-ont  moiion  (per- 
pendicular to  the  face  of  the  instrument)  by  means  of  a  screw 
at  the  back — to  adjust  the  needle  in  its  sockets,  or  release  it 
entirely  for  removal;  its  disk  /  may  be  turned  round  in  a 
vertical  plane. 

The  axle  of  the  needle  is  ground  down  at  its  ends  to  deli- 
cate conical  pivots  that  work  in  jeweled  sockets — one  in  the 
bracket,  the  other  in  the  brass  box,  and  both  in  a  line  perpen- 
dicular to  ilie  planes  of  the  circles  A  and  D  through  their 
centers;  there  is  a  grooved  aluminum  wheel  W  fixed  to  the 
axle;  a  silken  fiber  with  a  minute  hook  at  each  end  and  a 
series  of  graduated  little  weights  are  supplied  for  use  on  the 
grooved  wheel.  This  whole  upper  system  rests  on  a  plate 
P  having  motion  in  azimuth  round  the  center  of  the  horizon- 
tal circle  H  which  is  attached  to  the  frame  that  bears  the  foot- 
screws.  In  use,  the  instrument  is  set  upon  a  stout  gimbal 
table  that  is  firmly  secured  to  the  deck;  this  prevents  it  tak- 
ing up  much  of  the  ship's  motion:  like  the  compass,  it  hangs 
level. 

135.  The  ship's  iron  afiects  observations  for  Dip  and 
Intensity. — Just  as  a  ship  is  swung  for  compass  deviations, 
so  must  she  be  to  ascertain  the  effect  of  her  iron  on  the  Dip 
and  Intensity;  and  the  results  obtained,  constitute  tabulated 
corrections  to  be  applied  to  all  observations.  The  swinging 
should  be  done  before  sailing,  with  every  great  change  of 
geographical  position,  and  on  return  to  the  port  of  de- 
parture. 

A  ship,  like  every  other  magnet,  has  two  principal  foci  of 
strength,  separated  by  a  neutral  line:  and  according  to  the 
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location  of  the  poles  of  the  ship  with  reference  to  the  site  of 
the  Fox  Circle,  they  will  conspire  or  conflict  with  the  Earthi 
ill  its  influence  on  the  Dip  and  Intensity.  The  ginibal  tabic; 
should  be  set  up  as  near  the  neutral  line  as  circumstances  wil  "5 
permit,  and  on  the  middle  fore-and-aft  line  of  the  ship:  tJi-^ 
line  of  the  keel  should  be  drawn  on  the  table,  and  also  a  circle"  ■ 
divided  to  degrees,  with  its  zero  (o°)  on  the  keel-line.  Nov-"; 
consider  Fig,  175:   the  ship  heads  north  magnetic,  lh< 


Circle  is  mounted  at  F,  and  its  needle  settles  into  the  line  o^ 
Dip  FS;  suppose  that  M  is  one  of  the  two  centers  of  ma^^ 

netic  strength  of  the  ship — the  one  nearest  the  instrumeiii 

that  it  is  a  pole  of  the  same  name  as  the  Earth's  niagneliw »?) 
in  the  region  where  the  ship  is— and  located  in  the  hne  «/" 
the  Dip. 

It  merely  increases  the   Earth's  intensity,  but  does  woX 
change  the  Dip.    But  suppose  it  at  either  M'  or  jV" — then  \t    j 
affects  both  the  Dip  and  Intensity;  and  if  it  were  a  pole  of  dif- 
ferent name  from  the  Earth's  magnetism  at  the  place,  the 
effect  would  be  opposite  in  kind. 

All  ohscn'atioiis  for  Dip  and  hitnisily  must  be  taken  with  Ite 
needle  free  to  move  in  tJie  vertical  plane  of  the  magnetic  meridimi; 
but  the  ship  may  head  any  other  course  than  magnetic  nortli 
or  south:  suppose  it  N.E.  as  at  f2)  Fig.  176:  the  force  of  llie 
pole  M  may  be  resolved  vertically  and  horizontally,  and  the 
latter  may  be  further  split  up  into  forces  parallel  and  perpen- 
dicular to  the  magnetic  meridian.  The  vertical  component 
does  not  vary  with  the  course;  the  component  perpendicular 
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to  the  meridian  produces  no  action  at  all — it  merely  works 
against  the  sockets  of  the  needle;  the  force  parallel  to  the 
meridian  tends  to  deflect  the  needle,  and  it  varies  as  the  cm,u 
of  the  magnetic  course— becoming  a  maximum  when  the 
course  is  o°,  and  a  minimum  when  it  is  90°.  On  southerly 
courses  the  effect  changes  sign. 

As  the  ship  swings  round  the  compass,  the  line  joining  liie 
Fox  Circle  and  pole  M  describes  the  surface  of  a  cone  whose 
apex  is  al  the  center  of  the  needle;  and  the  force  of  the  pole 
upon  the  needle  is  exerted  along  this  surface  in  the  direction 
of  the  line  that  generates  it — making  the  needle  more  stead- 
fast in  direction  in  one  part  of  the  circuit,  and  more  easy  to 
move  in  the  other:  this  variabi  y  of  the  ship's  magnetism 
upon  the  needle  is  expressed  by  the  (osinc  of  the  magnetic 
course — a  maximum,  plus  or  mini  s,  in  the  meridian,  and  lera 
when  the  course  is  90°  I*;,  or  W,.  tor  then,  as  in  (3)  Fig.  170, 
its  pull  is  at  right  angles  to  the  axis  of  the  dipping  needle. 
Btu  the  poles  of  ihe  ship  may  be  dilTerenlly  located,  and  then 
the  variability  of  the  Dip  and  Intensity  with  the  course  woii'J 
be  different;  hence  the  necessity  of  swinging  ship  and  ascer- 
taining the  actual  condition  and  its  effects. 

Observations  with  the  Fox  Circle  require  both  weights 
and  magnets  to  produce  the  necessan,-  deflections;  with 
weights,  it  is  the  balancing  of  graWly  against  the  niagiieii'^ 
force  of  the  Eanh — both  acting  on  a  suspended  needle;  in 
the  case  of  other  magnets,  it  is  the  equilibrium  of  this  same 
needle  under  the  influence  of  two  magnetic  forces— the 
Earth's  ,ind  that  of  another  needle.  The  underlying  princi- 
ple 01  iMith  conditions  has  been  already  explained. 

I3<S.  To  determine  the  IHp — Find  from  the  compas? 
v-our,<e  the  ship  i,<  hculiii^.  the  corresponding  inagnclic 
c.Musc:  place  the  instrument  on  the  gimbal  table,  the  zero- 
line  i.o"^  (if  the  hori.-onial  circle  in  the  keel-line  marked  on 
I  ho  i:d>lc,  au-l  tinii  tho  vortical  circle  into  the  magnetic  merid- 
i.in    .»■;    iudioatod    bv    the    angle    of    the    magnetic    course.^ 
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Throughout  the  observations,  the  ship  must  be  kept  very 
steady  on  her  course,  for  it  is  evident  that  any  departure  from 
it  turns  the  dip  circle  by  the  same  amount  from  the  magnetic 
meridian  and  introduces  error  into  the  result. 

With  the  instrument  leveled  and  face  east,  observe  and 
record  the  division  of  the  outer  circle  [.opposite  each  end  of 
the  needle)  that  coincides  with  the  corresponding  division  of 
the  inner  circle,  turning  the  bracket  to  and  fro  slightly  and 
rubbing  the  center  pin  at  the  back  witli  the  ivory  disc  to  agi- 
tate tlie  needle  while  observing  it:  turn  the  face  west  and 
repeat  these  observations.  Adjust  the  graduated  circle  at 
the  back  to  an  angle  of  45°  from  the  dip  just  observed,  and 
screw  the  deflector  into  its  arm  so  as  to  repel  the  needle: 
when  at  rest,  read  and  record  both  ends  as  Ijefore;  revolve  the 
back  circle  through  90°.  or  so  as  to  repel  the  needle  in  the 
opposite  direction,  and  read  and  record  both  its  ends:  turn 
the  circle  face  east  and  repeat  these  observations  with  the 
deflector  in  the  same  relative  positions  it  was  with  the  face 
west.  The  mean  of  all  the  readings  will  be  the  Dip — affected, 
however,  with  the  error  due  to  the  iron  of  the  ship^ — -that  is. 
for  the  vertical  component  and  for  the  horizontal  component 
proper  to  the  course  she  was  steering.  When  this  error,  taken 
from  the  c/i'/j  table  obtained  by  swinging,  has  been  applied, 
we  have  the  Dip  proper  to  the  locality. 

127.  To  determine  the  Intensity:  with  weights ;  with 
deflectors  ;  with  both  combiDed. 

First,  with  WEiiiHT.-;:  Remove  the' deflector  used  in  the 
di{?  observations,  and  when  the  needle- — designated  by  the 
letter  A — has  settled  into  the  line  of  dip.  place  the  silken 
fiber  over  the  groove  of  the  whee!.  and  attach  a  weight  to  one 
of  the  hooks :  the  needle  will  be  deflected — observe  and  record 
both  its  ends;  shift  the  weight  to  the  other  hook,  and  again 
observe  and  record  both  ends.  From  the  mean  of  the  read- 
ings in  the  two  positions  of  the  needle  we  get  the  deflection 
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—  the  ratio  of  the  two  forces,  mechanical  and  inagnetical,  that 
artr  in  eqnilibrium. 

If  this  ratio  had  been  determined  with  the  same  weight, 
the  same  needle,  and  at  the  same  temperature  at  a  base  sta- 
tion* anil  the  magnetism  of  the  needle  had  not  changed  in 
the  intervaK  the  values  of  the  intensity  at  the  base  and  at  any 
other  station  would  be  to  each  other  inversely  as  the  sines  ol 
the  ansfles  of  deflection,  or,  denoting  these  angles  by  ^i  and 
0,.  respectively,  and  the  corresponding  intensities  by  Tj  and 
/\.,  wc  have 

^  =  5|^' (3.) 

or 

T,  sin  0, 

^«  sin  0, ^^^^ 

lnir\uluoing   into    this    the   correction    for   temperattire,  it 

T  sin  <^ 

>\luii*  t/  i>  the  fraction  that  expresses  the  decrease  of  mag- 
tu'Hr  mt»intMU  of  the  needle  for  one  degree  increase  of  tern- 
|iri aline  tt>  l)e  determined  by  experiment  with  the  particu- 
l.ii  iiei'tlle,  as  previously  explained — and  t^  the  temperature 
ii  ilu'  I»ase  station  and  /o  that  at  any  other.  As  T|  sin  0i 
^mIi^i-immI  at  the  base  station)  is  a  constant  that  enters  into 
\\\s  iili^n  vations  of  all  other  stations,  let  it  be  denoted  by  Cr* 
iluii  i<|iiulion  (33)  becomes 

^;  =  -f'0ji  +  ^(^2-  oi- (34) 

\  hi-  i>  a  H'laiive  value  of  the  intensity,  dependent  on  that  of 

,»iv  Ik.iM  -elation.     If  this  had  been  compared  with  an  obsena- 

.,^y  madi'  I  lien*  with  a  unifilar  magnetometer,  C^  would  be 

\x^^\\n  \\\  al»^»»Iute  measure,  and  then  Tj,  7^3,  T^,  etc.,  at  all 
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r  Stations  would  be  llie  Total  Absolute  Intensity  proper 
J  each  locality,  when  freed  from  the  effect  of  the  ship's  iron 
ans  of  the  table  of  Intensity  Deviations  obtained  from 
winging  ship. 

The  relation  that  the  intensities  are  inversely  as  the  sit\cs 
of  the  angles  of  deflection  will  he  evident  when  it  is  consid- 
icred  that  with  a  less  (magnetic)  intensity,  the  same  weight 
will  produce  a  greater  deflection. 

Second,  with  deflectors;  Remove  the  intensity 
f  needle  A  from  the  sockets  and  substitute  needle  S,  without 
the  silken  fiber;  when  it  has  settled  into  the  line  of  dip,  ad- 
just the  circle  at  the  back  so  that  one  of  its  screw-holes  will 
lie  in  this  line;  place  needle  A  in  a  cylindrical  case  provided 
for  it  and  screw  this  into  the  hole  in  the  line  of  dip  with  such 
pole  toward  the  instrument  that  the  needle  B  will  be  repelled 
by  it;  observe  and  record  both  ends  of  the  needle;  then  by 
means  of  the  disk  /  revolve  needle  B  to  the  other  side  of  the 
ine  of  dip,  symmetrica!  with  its  first  position,  and  observe 
Uid  record  both  its  ends  as  before.  From  the  readings  in 
both  positions  of  the  needle  is  obtained  the  angle  of  deflec- 
tion— the  relation  between  the  magnetic  moment  of  the 
£arlh  and  that  of  the  deflecting  needle  A. 

As  in  the  first  case,  if  this  relation  had  been  determined 
t  a  base  station,  we  should  have  an  equation  similar  to  (34), 
Jiat  is. 


-O, 


-?('. -'i)i. 


(35) 


1  which  the  several  symbols  represent  analogous  quantities 
J  those  in  the  first  case;  and  /"a  in  equation  {35)  is  either 
iie  relative  or  the  absolute  Total  Intensity  proper  to  the 
(cality.  according  to  the  same  circumstances  as  in  that  case. 
Third,  weight  and  deflector  combined:  If  the  ob- 
fcrvations  with  weights  and  deflectors  are  carried  out  at  the 
me  station  in  the  sequence  and  manner  described,  the  one 


^        w 
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— llie  ratio  of  the  two  forces,  niechani. 
are  in  etiuilibriuni. 

If  this  ratio  had  been  determin- 
the  same  needle,  and  at  the  same  :. 
tion,  and  the  maj^^netism  of  the  tt 
the  interval,  the  values  of  the  intc 
other  station  would  be  to  each  <»: 
the  ano:les  of  deflection,  or,  den<'- 
00,  respectively,  and  the  corroi 
7'.»,  we  have 


.. :  liave  from  equa- 
rrmber  by  member, 

.....    (36) 


•ax-*. 


(37) 


2  


or 


T, 


7-,- 


Introducing   into    this    the 
becomes 

T^  sin 
sin  '  • 


T  = 


:i ::r^  naturally  disappears; 

r  ^-'Cil  Absolute  Intensity 

-.-•ixions  previously  stated. 

:»T  deflect   the  needle 

ime  needle  A  is  used 

:f  the  needle  A  should 

e».ia  under  the  influence  of 

^   jwi  Ie«5  when  used  itself  to 

-tc  magnetism  of  A  remain 

.^rr::  iecrease,  then  the  angle 

m::  nie  f.r5t  and  second  cases. 


wiicrc  q  is  the  fraction 
'101  io  moment  of  the  in 
por.uuro — to  be  deterni 
\s\\'  !iooilIo»  as  previous! 
.i:  I  ho  base  station  ai- 
,ol^<orvod  at  the  basv 
;^o  i^bsorvations  of  al-^ 
;lun  o^iuation  (33)  1- 

7;  = 


1  ^:-'  '.^  ,\  relative*^ 
:'i"  ^.'.^0  ^!ation.    ' 

.:'.  -^..ido  there 
1.  n»n\  \\  ill  abso 


and  Horizontal  Com- 
Sive  with  the  Kew 


:    :r.<  yr.''>.em  is  given  in  Part 
tjjL^jxx  ^*iMse<  here:  the  princi- 
^  A.v>n5rTwr.:>  of  the  instrument, 
r.*r'n^r::»-''rt^  :o  be  applied  to 


— r':::5  has  been  explained 
'•ec  vr  clearness  it  will  be 


,  :•»  X  sci*^^  *-"^f  influence  just 
•v  jirnc^^i-.en?:   Hues  of  force 
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cseiit  the  field  of  both;  they  are  curved  in  every  case,  but 
;  ^mall  area  of  the  Earth  they  may  be  considered  parallel, 
ihe  dotted  lines  of  Fig.  177  represent  such  an  area  on  the 
i/.ontal  plane:  the  magnet  A,  suspended  horizontally  by 
read,  will  take  the  direction  of  these  lines  and  be  held  there 
I  definite  force.  If  another  magnet  B  be  brought  near  A, 
ield  conflicts  with  that  of  A — in  fact,  both  mingle  with 
of  the  Earth,  and  a  complex,  contorted  field  is  the  result; 
ight  be  depicted  to  the  eye  by  fine  iron  filings  strewn  on  a 


..J 


NORTH- 


W^^^^M 


Fig.  T77.  Fig.  178. 

?t  of  paper  above  both  magnets.  The  magnet  A  takes 
\\\  direction,  A\  in  this  distorted  field:  the  terrestrial  lines 
orce  tend  to  bring  it  back  to  their  natural  parallelism, 
le  those  of  B  tend  to  urge  it  further  away,  and  their  bal- 
e  at  A'  indicates  the  equality  of  both  forces  and  gives  the 

o  of  their  strength;   or  -rv,  if  H  denotes  the  strength  of 

Earth  and  M  that  of  B.  This  ratio  becomes  known  by 
ling  the  angle  eof  on  the  horizontal  circle  of  the  instru- 
it;  it  is  equal  to  AOA\  the  deflection  of  the  magnet  A  as 
s  perpendicular  to  OA,  and  fO  to  0A\  and  the  sine  of  this 
le  is  the  ratio  sought.  Denote  the  angle  by  ^.  Then  we 
e 


372     DETERMINATION   OF   THE  MAGNETIC  ELEMENTS. 

With  any  change  in  either  H  or  M — that  is,  a  variation  of  the 
terrestrial  field  or  of  the  strength  of  the  magnet  B,  there  will 
be  a  corresponding  change  in  H,  so  that  this  deflection  be- 
comes an  exponent  of  the  relative  strength  of  both  magnetic 
forces. 

Now  suspend  B  horizontally,  as  in  Fig.  178,  in  the  same 
field,  and  remove  A  beyond  the  power  of  influencing  it.  ,  Let 
B  be  slightly  deflected  from  its  position  of  rest,  and  it  will 
oscillate  at  a  certain  diHiulc  rati'  between  the  positions  B"  and 
B".  If  the  intensity  of  the  Earth's  field  be  doubled,  it  will  act 
twice  as  forcibly  on  B:  if  trebled,  three  times;  and  if  its  in- 
tensity be  represented  by  any  arbitrary  symbol  H,  it  will  act 
//-times;  if.  at  the  same  time,  the  strength  of  the  magnet  5 
be  doubled,  this,  too,  will  cause  it  to  act  t\vice  as  forcibly  in 
the  field  H,  that  is,  2H;  if  trebled,  three  times,  or  3//;  and  if 
its  strength  be  denoted  by  any  arbitrary  symbol  M,  the  force 
in  action  will  be  M  .  H.  Every  change  in  either  M  or  H  wiU 
entail  a  change  in  the  rate  or  f'criod  of  oscillation;  this  period 
is  timed  by  a  chronometer,  and  it  becomes  an  index  of  the 
combined  force  if  .  H.  that  is 

M.H=t (39) 

the  period  of  oscillation  being  /. 

Multiplying  equations  (38)  and  (39)  together,  we  have 

y^.AF.H=e.t (40) 

whence 

H-*  =  fi.t (41) 

and 

H  =  i'JTF.    .......    (42) 

Both  f  and  /  are  known  from  obser\'ation,  and  thus  the  hori- 
zontal intensity  H.  of  the  Earth's  magnetic  field  is  deter- 
mined. 
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H      Dividing  (39)  by  (38).  we  liave 


T7  =  ■» («) 


whence 
and 

"  =  ^Jl (45) 

and  thus  we  ascertain  the  strength  of  the  magnet  B. 

The  observation  of  the  requisite  quantities  that  enter  into 
the  equations  consists  therefore  of  two  distinct  operations — 
one  of  deflection  and  one  of  oscillation:  the  former  will  be 
described  first. 

It  must  be  stated,  however,  that  it  is  not  a  change  in  the 
magnetic  forces  alone  that  varies  the  rate  of  oscillation;  but 
the  material  substance  of  the  magnet  itself  enters  as  a  factor 
with  a  specific  rate  of  its  own  at  a  definite  temperature,  dis- 
tinct and  apart  from  any  magnetic  condition  of  the  steel. 

lag.  Description  of  the  Kew  nnifilar  Magnetometer. — 
Fig,  179  represents  the  instrumeni,  arranged  for  deflection: 
it  consists  of  a  graduated  circle  //,  firmly  supported  on  foot- 
screws;  upon  this  is  a  circular  plate  provided  with  level, 
verniers,  reading  lenses,  clamp,  and  tangent-screw— all  for 
use  with  the  circle:  this  system  has  motion  round  a  vertical 
axis  and  carries  with  it  the  box  V.  to  which  is  attached  the 
tube  V,  and  the  bar  R,  set  at  right  angles  to  the  axis  of  the 
tube;  the  bar  is  removable;  C  is  a  carriage  that  may  be  slid 
along  the  bar — it  bears  the  deflecting  magnet  B\  G  is  a  glass 
tube  with  a  torsion  apparatus  P  at  the  top,  from  which  i.s 
pendant  the  suspension  fiber  of  the  magnet;  to  this  magnet 
is  attached  a  small  mirror  M,  below  and  at  right  angles  to  its 
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axis;  £  is  a  telescope  for  viewing  the  image  of  the  scale  S 
reflected  by  the  mirror  as  the  magnet  moves,  and  its  eje- 
piece  has  a  vertical  wire  for  precision  of  observation. 


{ 


130,  The  deflection  obserration. — Level  the  instrumi 
turn  the  tube  (7  into  the  magnetic  meridian,  remove  the  m 
nets,  suspend  the  plummet  D,  Fig,  180,  and  let  it  hang  u 
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twist  is  turned  out  of  the  fiber.  Take  off  the  plummet, 
spend  the  magnet  A,  level  it  by  moving  the  little  ring  it 
Ties,  and  put  the  wooden  shutters  on  the  box.  By  means 
the  tangent-screw  bring  the  veriical  wire  of  the  eye-piece 


the  telescope  E  into  coincidence  with  the  middle  divisionJ 
the  scale  S.  clamp  the  instrument,  and  read  and  record  the  ~ 
rizonia!  circle  and  the  middle  division, 
The  temperature  is  to  be  recorded  at  every  stage  of  the 
Kcdure. 
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Tlie  deflecti«g  magnet  B  may  be  used  in  one  of  two  poa- 
tions — either  with  its  axis  at  right  angles  to  that  of  the  d^ 
flectct/  magnet  A,  or  perpendicular  to  the  magnetic  meridian: 
the  former  is  best,  being  most  effective,  and  produces  less 
twist  in  the  fiber:  it  alone  will  be  described  here;  it  introduces 
the  sine  of  the  angle  of  deflection — the  other,  the  tangent. 

Set  the  carriage  at  the  proper  distance  on  the  bar.  east  of 
the  meridian,  and  place  the  magnet  B  on  it,  north  pole  to- 
ward the  -suspended  magnet:  hot  i  magnets  should  be  at  the 
name  level,  which  may  be  eflecte*  by  the  apparatus  at  P:  ihe 
mispcnded  magnet  will  be  deflect  .-d  and  new  divisions  of  the 
scale  come  into  view.  Unclamp  nd  turn  the  upper  structure 
mitil  the  middle  division  is  brouj,  it  into  coincidence  with  the 
vertical  wire  of  the  telescope,  th:n  clamp,  read,  and  record 
the  horirontal  circle.  The  ditference  between  this  and  the 
former  reading  will  be  the  first  vtluc  of  the  deflection.  Turn 
the  niiignet  B  on  the  carriage  so  that  its  south  pole'willaci 
oil  .-(,  and  repeat  the  observation.  Transfer  the  magnet  and 
ciu'rijige  to  the  same  distance  on  the  west  side,  and  duplicate 
the  idiser\arions  already  made.  From  all  these  readings  the 
angle  of  deflection  is  deduced.  Repeat  ail  these  obsenations 
at  a  second  distance  for  data  to  compute  the  term  involving 
the  (Ij^triliution  of  magnetism  in  .-I  and  B. 

131.  Proper  distance  for  deflectii^  magnet,  and  best 
relative  sixes  of  both  magnets — To  obtain  the -best  results. 
the  length  of  /•'  sln>uKl  W  1.224  times  that  of  A;  the  former 
should  not  be  brought  nearer  the  latter  than  four  times  ii* 
own  length,  to  deflect  it:  and  the  two  distances  at  whicii 
diMkv.ions  are  m,ide.  should  bear  the  ratio  of  1.3  to  eadi 
other. 

In  be  s]>eciric.  and  illustrate  the  matter  by  magnets  of 
very  good  dimonsiotis:  let  A  he  a  steel  tube  eight  centimeters 
long,  one  cm,  external  diameter,  and  0.8  cm.  internal  diam- 
eior;  then  P  should  be  to  cms.  long,  and  the  distances  at 
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wliich  it  should  be  placed  from  A  are  respectively  40  and  50 
cms.,  measured  from  center  to  center  of  both  magnets. 

But  B  must  have  good  strength  to  produce  sufficiently 
large  deflections  at  these  distances.  It  is  immaterial  about 
the  magnetism  of  ^^whether  strong  or  weak,  its  deflection 
will  be  the  same;  whereas  it  is  all-important  that  B  should 
not  only  be  strong,  but  also  that  it  should  preserve  its  mag- 
netism without  change. 

132.  To  find  the  middle  division  of  the  scale  and  the 
angular  value  of  one  division. — Make  tiie  magnet  A  oscil- 
late over  a  small  arc:  observe  and  record  the  extreme  division 
that  successively  appears  on  the  vertical  wire  during  a  num- 
ber of  oscillations,  and  take  the  mean  of  all  the  pairs  right 
and  left:  it  will  be  the  middle  division. 

Next  turn  the  upper  system  until  a  part  of  the  scale  near 
one  end  comes  into  view,  when  note  the  particular  division  in 
coincidence  with  the  vertical  wire  of  the  eye-piece,  and  read 
the  horizontal  circle;  then  turn  the  system  until  the  other  ex- 
treme of  the  scale  appears,  when  repeat  the  observation  just 
maile:  the  difference  of  the  horizontal-circle  readings  divided 
by  the  difl^erence  of  the  scale-division  readings  will  be  the 
value  in  arc  of  one  scale  division. 

133-  A  quartz  fiber  the  best^how  to  make  it. — If  the 
suspension  tiber  be  of  silk,  moisten  it  with  a  drop  of  glycer- 
ine: this  will  reduce  and  equalize  the  torsional  rigidity. 

But  the  best  material  is  a  quartz  fiber,  on  account  of  its 
lightness,  strength,  and  extreme  flexibility.  It  may  be  made 
ihus:  attach  a  bit  of  quartz  to  the  arrow  of  a  cross-bow, 
melt  it  in  the  oxyhydrogen  blow-pipe  -and,  at  the  proper 
point  of  fusion,  discharge  the  arrow,  when  it  will  spin  the 
globule  of  quartz  into  a  filament  whose  fineness  depends  on 
the  rapidity  of  the  arrow's  flight. 

134.  The  most  suitable  time  for  magnetic  observations. 
— The  best  time  for  making  observations  with  the  Kew  mag- 
netometer is  from  7  to  10  a.m. — beginning  with  Deflections, 
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bring  a  small  weak  magnet  toward  the  middle  of  the  sus- 
pended magnet  and  at  right  angles  to  the  meridian,  and  when 
the  requisite  deflection  is  produced,  remove  the  small  mag- 
net quickly,  and  let  the  other  swing  until  the  arc  is  reduced 


Fig.  182. 

to  less  than  2®  on  each  side,  when,  the  movement  being  reg- 
ular and  steady,  the  counting  of  the  oscillations  may  begin. 
136.  Method  of  counting  the  oscillations,  and  meaning 
of  "one  oscillation/' — Consider  Fig.  182  where  B  repre- 
sents the  magnet  swinging  through  the  arc  ah\  the  zig-zag  line 
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represents  its  successive  oscillations,  L  the  telescope,  and  i, 
2,  3,  .  .  .  lo  the  intervals  at  which  ihe  magnetic  axis  oi  fl 
crosses  the  line  of  sight:  at  each  of  these  the  observer  at  L 
calls  out  "  Mark!  "  to  an  observer  at  a  chronometer,  who 
notes  and  records  the  time ;  then,  without  observing  for  about 
two  minutes,  the  magnet  is  allowed  to  continue  its  oscillatio 
and  again  the  times  of  ten  more  transits  are  observed  andU 
corded,  beginning  and  ending  with  the  magnet  moving  I 
the  same  direction  as  during  the  first  series;  repeal  this  f 
ceeding  until  three  intervals  of  rest  of  two  minutes  each  alt« 
nate  with  four  sets  of  ten  transits  each. 

Then  it  is  evident  that  in  each  series  of  ten  transits,  t 
mean  of  the  5th  and  6th  will  give  the  time  of  a  midway  p 
f  on  the  line  mf>m — that  is,  a  specific,  midway  point  of  Itni 
so  will  the  mean  of  the  4th  and  7th;  3d  and  8th;  2d  and  g 
1st  and  10th:  all  give  the  same  point — the  same  time. 

The  interval  between  any  "two  successive  transits — as 
and  z;  2  and  3;  3  and  4;  and  so  on — is  called  the  time  of 
half  oscillation:  and  the  interval  between  any  two  atternal 
transits — as  i  and  3;  2  and  4;  3  and  5;  and  so  on — is  calle 
the  time  of  "  one  oscillation."  Deduce  this  time  of  on 
oscillation  from  each  of  the  four  series  of  ten  transits- 
should  be  nearly  the  same  for  all;  take  the  mean  of  the  foi 
values.  Find  from  the  first  and  fourth  series  of  transits  tl 
time  of  the  middle  point  />;  take  the  difference  between  thes 
two  times;  convert  this  difference  into  seconds  and  divide 
by  the  time  of  one  oscillation  deduced  from  the  mean  of  tl 
four  values  stated  above:  the  quotient  is  the  number  of  con 
plete  oscillations  ("  one  oscillation  "  each)  that  occurred  b 
tween  the  point  p  in  the  first  series  of  transits  and  I 
point  p  in  the  last  series — it  should  of  course  be 
whole  number,  but  may  not  be.  but  a  whole  number  i 
fraction — owing  to  the  inexactness  of  marking  the  times 
transit,  for  they  will  scarcely  occur  at  exact  seconds, 
decimal  part  will  be  so  close  to  a  whole  number,  howei 
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lit  the  nearest  ivhole  number  is  to  be  taken  as  the  entire 
Ettnber  of  oscillations  between  the  point  p  in  the  first  and 
fourth  series  of  transits.  Divide  the  interval  in  seconds  be- 
tween the  time  of  this  point  /'  in  the  first  and  last  series  by  the 
ivhole  number  of  oscillations  made  during  it,  and  the  result 
will  be  the  time  of  "  one  oscillation,'"  which  is  the  quantity 
sought. 

137.  Correctioiis. — The  quantities  obtained  by  observa- 
tion require  several  corrections,  which  will  now  be  explained, 
1ST.  Torsion  of  suspension  fiber. — If  a  brass  bar  be 
hung  horizontally  by  a  stout  steel  wire  and  set  in  oscillation, 
it  wili  swing  to  and  fro  for  a  short  time,  and  then  come  to  rest 
in  a  definite  direction — that  for  which  the  wire  is  devoid  of 
twist;  and  the  rigidity  of  the  wire  will  keep  it  in  that  direc- 
tion. 

If  the  bar  be  turned  round  the  wire  as  an  axis,  this  act 
will  twist  the  particles  of  the  wire  from  a  condition  of  paral- 
lelism to  its  own  length  into  one  of  spiral  curves,  and  the  ef- 
fort of  the  particles  to  recover  their  original  alignment  is 
equivalent  to  the  force  of  torsion:  this  varies  with  the  angle 
of  deflection,  size  of  the  wire,  and  material  of  which  it  is 
made,  and  exists  to  some  degree  in  every  material  used  for 
suspension — wire,  silk,  or  quartz. 

In  the  deflection  experiment,  the  force  of  torsion  opposes 
the  force  of  the  deflecting  magnet,  and  so  the  angle  is  less- 
ened by  a  very  small  amount:  in  the  oscillation  e."tperiment, 
it  conspires  with  the  Earth's  magnetic  force  to  quicken  the 
rate  of  oscillation,  and  its  effect  must  be  removed  from  the 
observed  time  to  get  that  due  to  magnetism  alone.  Thus  the 
moment  of  torsion,  though  a  mechanical  one,  is,  in  its  action 
on  the  bar,  entirely  analogous  to  the  magnetic  moment  of 
the  Earth. 

To  determine  the  force  of  torsion :  with  the  magnet  B  su; 
pended.  bring  its  axis  into  coincidence  with  the  vertical 
of  the  telescope  L,  both  being  in  the  magnetic  meridian,  and 
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the  fiber  free  from  twist;  turn  the  torsion  circle  P  to  the  right 
90°  and  observe  and  record  the  new  division  of  the  scale  that 
comes  upon  the  vertical  wire;  turn  the  torsion  circle  90°  to 
the  left  and  repeat  this  observation:  convert  the  scale  de- 
flection into  angular  measure — denote  it  by  a — and  then,  ? 
being  the  force  of  torsion  and  m  .  H  the  combined  magnetic 
force  of  Earth  and  B  we  have,  when  the  forces  are  balanced 
against  each  other,  as  jnst  described, 

(46) 


m .  H  ~ 


90 


2D.  Rate  of  the  chronometer. — The  observed  period 
of  one  oscillation  will  be  affected  by  a  proportionate  amount 
of  whatever  change  occurs  in  the  daily  running  of  the  chro- 
nometer: if  this  be  gaining,  the  period  will  be  shorter  than  if 
the  chronometer  were  running  uniformly,  and  hence  the  cor- 
rection must  be  added  or  is  plus  (+);  if  losing,  the  period  will 
be  longer,  and  hence  subtractive  or  minus  { — );  let  s  denoie 
the  daily  rate,  then  86,400  being  the  number  of  seconds  in  a 

day,  the  correction  is  ±  777 ,  to  be  applied  to  the  observed 

^  ft(>,400i  "^"^ 

time  of  one  oscillation, 

3D.  Reduction  to  small  arc, — ^That  the  time  of  oscilla- 
tion decreases  with  a  lessening  arc  of  swing  is  a  matter  both 
of  demonstration  and  experimental  proof. 

Tlie  damping  of  the  magnet's  motion — the  logarithmic 
decrement,  as  it  is  called  when  a  regular  decrease,  because 
the  phenomenon  may  be  represented  by  a  logarithmic  equa- 
tion and  curve,  is  due  to  a  combination  of  causes — rigidity 
of  the  fiber,  resistance  of  the  air,  and  opposing  electric  cur- 
rents excited  in  surrounding  metals. 

Through  whatever  arc  the  magnet  oscillates,  its  peril 
therefore,  must  be  reduced  to  that  of  an  arc  whose  period 
is  constant:  an  arc  of  one  degree  is  practically  such.    Tlic 
initial  and  terminal  arcs  of  oscillation,  denoted  respectively 


jity 
;ur-    I 
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c,  and  fa,  must  be  expressed  in  parts  of  the  radius  (not 
legrees  or  scale  divisions)  and  the  correction  to  be  applied 
ifae  observed  time  of  one  complete  oscillation  is 

(-^j («) 

4TH.  The  Earth's  induction  on  the  magnet  used  for 
'LECTiNG  AND  OSCILLATING. — When  a  Steel  magnet  is 
ughl  into  a  magnetic  field,  its  own  strength  undergoes  a 
nge  whose  amount  depends  upon  the  intensity  of  the  field, 

" ''" 


1    \/ 


I 


Erection  of  the  magnet's  axis  with  reference  to  the  lines 

iwce  of  the  field,  the  temperature,  and  the  hardness  of 

Iteel. 

pig.  183  represents  the  Earth's  horizontal  magnetic  field, 

ifith  a  magnet  B  in  various  positions  in  it:  in  (i)  it  receives 
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tile  full  Strengthening  eflfect;  in  (2)  the  effect  is  less  and  c( 
tiniies   to    decrease   to   position   (3),    where,   being   exerti 
across  the  mag:net.  there  is  none  at  all  in  the  direction  of  the 
axis:  in  (4)  the  tendency  is  to  diminish  the  strength  of  the 
magnet,  and  this  increases  to  a  maximum  at  (5),  where  the 
poles  are  placed  opposite  to  their  position  in  (i). 

During  oscillation,  the  magnet  B  occupies  a  mean  direc- 
tion similar  to  (i).  while  in  deflecting,  its  position  is  like  (6). 
bnt  little  different  from  (3):  thus  B  acquires  different  values 
in  both  experiments,  which  will  not  cancel  in  the  final  equa- 
tions; they  must  be  equalized  by  corrections  for  induction; 
that  for  deflection  is  extremely  small,  and  that -for  oscillation 
the  one  most  to  be  considered. 

Let  >*  represent  the  mduciion  due  to  a  field  of  unit  ia- 
tensity  in  dynes;  such  a  field — or  one  greater,  or  less — can  be 
excited  inside  a  coil  of  wire  by  sending  an  electric  current 
through  it,  and  the  intensity  of  this  field  can  be  accurately 
measured.  Place  such  a  coil  at  right  angles  to  the  magnetic 
meridian  at  a  measured  distance  from  a  short  suspended 
needle,  and  send  a  current  through  it;  observe  the  deflection 
(if  any)  and  the  intensity  of  the  field,  also  the  temperalure, 
Then  put  the  magnet  B  inside  the  coil,  send  the  same  current 
through  it,  and  observe  the  same  quantities  as  before, 
tangents  of  the  angles  of  deflection  in  both  cases  compai 
with  the  tangent  of  the  angle  produced  by  B  alone  at  the 
same  distance,  afford  ihe  data  for  determining  the  induclive 
effect  of  the  field  upon  B:  and  this  may  be  done  and  tabulated 
for  several  intensities  and  temperatures. 

The  horizontal  intensity  at  Washington  is  about  two- 
tenths  of  a  dyne,  and  an  artificial  field  much  stronger  iha" 
this  may  be  produced  in  a  helix  at  such  distance  from  a  small 
needle  as  not  to  deflect  it,  while  a  magnet  like  B  at  the  same 
distance  would  produce  deflection:  and  it  requires  a  field  0! 
at  least  two  dynes  to  cause  a  permanent  change  in  the  mag- 
netism of  a  glass-hard  steel  magnet. 
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Fig.  184. 

-h^r,  if  we  resolve  the  horizontal  intensity  oh 
^ndicular  to  the  axis  of  5,  we  have  fh  and  of) 
^  the  axis  of  B,  alone  produces  change  in  the 

t  of  S,  and  since  oh  equals  /^ .  //,  the  strength 

field;  whence  expression  (49). 

^4,  sin  J  =^, (SO) 

oh 

fh  =  c?//  sin^, (51) 

Jh  =  /<  .  /y.  sin^,      .     .     .     .     (52) 
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Where  electrical  means  are  not  available  for  produc 
ing  fields  of  different  intensity,  the  effect  of  the  natural  ter 
restrial  field  can  be  determined  with  the  magnetometer  itsel 
as  follows: 


1 
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Iti  Fig.  185  let  the  plane  of  the  paper  represent  a  horizon- 
tal surface  with  the  magnetic  meridian  HH  traced  upon  it;  A 
the  magnet  suspended  in  its  box,  and  (i),  (2),  (3),  (4)  succes- 
sive positions  of  B,  placed  vertically  at  right  angles  to  the 
axis  of  A,  with  its  acting  poU  on  a  level  zvith  A :  the  latter  will 
be  deflected.  In  each  case,  both  before  and  after  deflection, 
bring  the  middle  division  of  the  scale  into  coincidence  with 
the  vertical  wire  of  the  telescope,  and  observe  and  record  the 
horizontal  circle,  to  get  the  angle  of  deflection;  in  (l)  with 
the  north  pole  o(  B  in  plane  of  paper  and  south  pole  upper- 
most, A  will  be  deflected  to  the  west  and  most  strongly,  be- 
cause the  Earth's  induction  on  B  strengthens  its  poles;  in  (2) 
A  will  be  deflected  to  the  west  also,  but  less  than  in  (i),  be- 
cause, while  the  north  pole  is  still  in  the  plane  of  the  paper, 
it  is  now  uppermost  and  the  effort  of  the  Earth  is  to  diminish 
:he  magnetism  of  S;  in  (3)  the  south  pole  of  B  is  in  the  plane 
3f  the  paper  and  uppermost — A  will  be  deflected  to  the  east. 
ind  most  strongly:  and  in  (4)  the  south  pole  is  in  the  plane 
3f  the  paper,  north  pole  uppermost  and  the  deflection  will 
still  be  to  the  east,  but  less  so  than  in  (3).  Let  M  represent  the 
Permanent  magnetic  moment  of  B  at  the  time  of  observation; 
M'  that  of  A ;  dM  the  change  in  moment  of  B  due  to  the  Earth's 
induction;  and  v,,  y^,  y^,  y„  the  deflections  in  the  previous 
ioiir  cases  respectively:  then  in  (i)  and  (3).  Fig.  185,  these 
are  due  to  increased  moments,  and  in  (2)  and  (4)  to  dimin- 
ished ones;  or, 

M+JM  =  :y, (S3) 

and 

M-JAf  =  j,, (54) 

Subtracting  latter  from  former,  we  have 

J^J/  =  j-, -^, (S5) 

whence 

dM=i{y,-y,),       .      .      .      (s6) 
md  similarlv, 

JM=H,, -:,,).    .    .    .    (5;) 
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Adding  (56)  and  (57), 

2M  =  i(y,  -  yi  +  iiy, 
or 


■^.). 


(S8) 


■■  i(^i  —  Jj  +>,-:>',)  =  '6';  -  ■  (59) 
that  is,  let  the  second  member  of  this  equation  equal  (/_v,  and 
then  it  is  the  mean  value  of  the  change  in  the  angle  of  deflec- 
tion due  to  the  change  dM  in  the  moment  M  of  the  magnet  S- 
Again:  i(yi+ya)  's  the  deflection  to  the  west,  and 
■J(Vj  +  yj  to  the  east,  and 

il*(A +^.)  -  4(>s  +  y.)\  =  i(^,+ J', ~y^-y.)  =y;   m 

that  is,  let  the  second  member  of  equation  (60)  equal  y.  and 
then  this  is  the  mean  value  of  the  angle  of  deflection,  Noh- 
in  each  case,  as  shown  in  Fig.  186,  it  is  the  magnetic  mo- 
ment of  B  acting  at  the  distance  r  on  the  moment  of  A,  that 
balances  this  magnet  against  the  magnetic  moment  of  iht 
Earth:  resolving  the  Earth's  moment  H  (or  fH  in  Fig.  186) 
into  two  others,  fg  and  fh,  the  latter  alone  is  effective  in  turn- 
ing A :  hence  when  equilibrium  occurs,  we  have 


M.M'.r  =  M'.fk, 


M.r  =  fh (63 

The  distance  r  should  be  several  times  the  length  of  the  di 
fleeting  magnet. 

Now  in  Fig.  186 


hence  fli-=H.  sin  y. 


(6!) 


and  therefore  from  (62), 
M. 


■  =H. 


(64) 

Differentiating  this  with  respect  to  the  variables  M  and  y,  we 
have 

r.dM  =  H.c(i5y.dy,.     .     .     .    (65) 
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dividing  this  by  (64),  we  have 

r .  dM        H .  cos  y  .  dy 


whence 


r.M 


dM 


M 


H .  s\n  y 


=  cot  y  .  dy. 


»  • 


•     •     • 


(66) 


(67) 


Fig.  186. 

That  is  to  say,  the  first  member  of  eq.  (67)  gives  the  change 
of  moment  of  B  in  terms  of  its  permanent  moment. 

Both  y  and  dy  are  known  from  (59)  and  (60),  so  that  -tt- 

is  determined;  but  this  is  the  effect  of  the  vertical  component 
Z  upon  B  as  illustrated  in  Fig.  185,  that  is,  expressing  the 
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vertical  component  in  dynes  in  terms  of  the  permanent  mo- 
ment of  B,  we  have 

dM       ix.Z 


or  from  (67) 


M 


dM 
M 


M  ' 


(68) 


^^  =  cot j^.dy,    .     .     (69) 


whereas  it  is  the  effect  of  the  horizontal  component,  similarly 

/i  .  If 
expressed,  or    ^     on  B,  as  illustrated  in  Fig.  183,  that  is 

wanted.     This  latter  is  found  by  means  of  the  Dip;  for  in 
Fig.  187, 

cot  D  =  yr,     or     H=Z.cotD,        .     .     (70) 


Fig.  187. 


/A. 

multiplying  both  sides  of  eq.  (70)  by  tj  it  becomes 


pt .  //       M  .  Z 


M 


M 


.  cot  D\  . 


then  from  (69)  and  (71)  we  have 

}x .  H 


M 


(71) 


=  cot  y  ,dy  ,  cot  D,       ...     (72) 
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the  value  required  for  eq.  (48)  as  the  effect  of  induction  on  B 
li'hen  oscillating,  or  in  the  mean  position  S'  in  the  magnetic 
meridian  in  Fig.  187;  and  the  effect  of  the  same  magnet  it'/jcit 
deflecting  at  any  angle  kce.  as  at  B"  Fig.  187,  may  be  foimd 
by  resolving  the  value  in  equation  (7^)  parallel  and  perpen- 
dicular to  the  axis  of  B",  when  (he  farmer  component  will  be 
the  effective  one.  producing  induction  at  that  angle. 

5TH.  Moment  of  Imf.rtia. — ^The  force  of  torsion  was 
illustrated  by  the  oscillation  of  a  brass  bar  suspended  by  a 
steel  wire:  let  such  a  bar  be  set  in  motion  anct  it  will  swing  to 
and  fro  under  the  influence  of  torsion  of  the  wire  precisely 
as  a  magnet  would  under  the  influence  of  terrestrial  magnet- 
i.sm.  The  brass  bar  will  have  a  certain  rate  of  oscillation,  just 
as  the  magnet  will,  or  the  steel  tube  of  which  the  magnet  is 
made,  v.-oiild,  if  wholly  deprived  of  its  magnetism.  Once  set 
in  motion,  the  brass  bar  possesses  a  store  of  energy  that  keeps 
it  going  until  dissipated  by  the  rigidity  of  the  suspension 
wire,  friction  of  the  parts,  and  resistance  of  the  air:  this  po- 
tential energy  may  be  called  the  Moment  of  Inertia — that  is, 
a  kind  of  power  to  keep  going,  or  rather,  inability  to  stop  of 
its  own  accord — the  inertia  of  matter  in  motion  that  still 
keeps  it  moving.  It  is  a  quantity  as  definite  as  any  real  force, 
and  whether  the  moving  mass  be  copper,  steel,  or  ivory,  it 
has  a  period  of  oscillation  as  specific  and  calculable  as  the 
period  of  a  magnet;  and,  in  fact,  inert  though  it  be,  and  due 
to  mere  bulk  and  form  of  steel  in  the  magnet — it  is  yoked  to 
its  active  mate — magnetism,  to  produce  the  observed  rate  of 
oscillation  of  the  magnet:  its  quota  must  be  separated  from 
this  observed  rate,  for  it  is  the  portion  due  (o  magnetism 
alone  that  we  are  in  quest  of. 

Defined  mathematically,  the  moment  of  inertia  of  a  body 
with  respect  to  an  axis  through  its  center  of  gravity,  round" 
which  it  may  oscillate,  is  equal  to  the  sum  of  the  products 
of  two  quantities,  viz.,  the  mass  of  the  elementary  particles 
and  the  square  of  the  distance  of  each  one  from  the  axis:  or. 
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denoting  the  moment  of  inertia  hy  K.  the  distance  by  h.  and 
the  mass  of  a  particle  by  ds,  we  have 


K  =fli'.  ds. 


in  which  the  integration  is  to  i>e  extended  to  the  limits  of  the 
body. 

Many  of  the  corrections  have  a  varying  value  with  differ- 
ent temperatures,  and  the  moment  of  inertia  is  one:  to  be 
specific,  then,  a  standard  temperature  must  be  fixed,  to  whicli 
all  reductions  are  matie;  suppose  it  0°  Centigrade.  With  in- 
creased heat  the  metal  expands,  the  distance  of  each  panicle 
becomes  greater,  ami  this  alters  the  value  of  K;  so  that  by 
observing  the  temperature  during  oscillation  and  knowing 
the  coefficient  of  expansion  of  steel,  this  correction  is  readily 
made: 

.6th.  Change  in  magnetic  moment  of  B  due  to  tem- 
perature.— The  mEit;netisni  of  every  magnet  varies  ivitli 
the  temperature — increasing  with  cold,  diminishing  witli 
warmth,  and  always  returning  to  the  same  condition  at  the 
same  temperature:  tlie  magnetic  moment  is  specific,  then, 
only  when  we  know  the  temperature  at  which  it  was  deier- 
.  mined;  moreover,  every  magnet  has  its  own  ratio  of  change, 
dependent  on  the  quality  and  temper  of  its  steel;  even  this 
ratio  is  not  constant  at  all  temperatures:  and  therefore  the 
peculiarities  of  each  magnet  must  be  experimentally  deter- 
mined. 

Tliis  can  be  done  with  the  magnetometer  itself:  suspend 
A  and  use  B  to  deflect  it.  always  with  the  axes  of  both  at 
right  angles  to  each  other.  Means  are  to  be  provided  for 
surrounding  B  (placed  on  its  carriage)  with  water  at  differ- 
ent temperatures — say,  ice-cold,  the  boihng  point,  and  two 
intermediate  states;  a  thermometer  should  be  immersed  to 
indicate  the  exact  temperature.  At  each  stage,  the  middle 
division  of  the  scale  is  to  be  brought  into  coincidence  with 
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ihe  vertical  wire  of  the  telescope,  the  horizontal  circle  read, 
and  the  magnet  B  turned  so  that  each  pole  will  act  succes- 
sively in  deflecting  A — ^the  distance  between  the  centers  of 
both  magnets  remaining  unchanged. 

As  with  the  effect  of  terrestrial  induction  on  the  moment 
of  B,  the  change  due  to  varying  temperature  is  a  differential 
one,  and  the  analytical  treatment  of  the  matter  is  analogous 
to  that:  here,  as  there,  it  is  ihe  moment  of  B  that  suceessively 
changes — here  by  heat,  there  by  induction,  and  at  each 
change  balances  A  against  the  Earth's  magnetic  couple;  so 
that  equation  (61)  expresses  the  condition  of  equilibrium, 
and  (67}  the  relative  change  at  different  temperatures  in 
terms  of  the  moment  at  the  standard  temperature.  Both  _v 
and  dy,  as  in  the  case  of  induction,  are  given  by  observation 
of  the  horizontal  circle  at  each  stage  of  the  water. 

The  following  is  an  empirical  formula  that  is  quite  ac- 
curate for  calculating  the  correction; 


if.  =  Mi_l(r, 


',)  +  l'{r. 


(;4) 


in  which  jU„  is  the  nvignetic  moment  at  die  standard  tem- 
perature Tj  and  il'/,  the  observed  moment  at  any  tempera- 
ture T,  above  it. 


Since  MM  = 


(see  Part  Sixth),  therefore,  any  de- 


crease  in  M  causes  a  corresponding  i«crease  in  (^,  so  that  the 
correction  must  be  applied  to  the  square  of  the  period  of 
oscillation  in  the  inverse  direction. 

7TH.  Graduation  of  the  bar  R. — When  an  instrument 
is  purchased,  a  statement  accompanies  it  of  any  defect  found 
by  test  in  the  graduation  of  the  bar  R  used  for  measuring  the 
distances  between  the  two  magnets  in  deflection  experi- 
ments. As  the  bar  is  of  metal,  it  becomes  longer  with  heat 
and  shorter  with  cold,  thus  giving  a  variable  distance  with 
different  temperatures:    observing  the  latter  and  knowing 
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the  coefficient  of  expansion  of  the  metal  from  tables  easily 
3cces5il>le,  this  correction  is  readily  appHed. 

8th.  Distribution  of  magnetism  in  the  magnets  A 
AND  B.— The  ■"  magnetic  moment  "  of  a  bar  and  the  "  mo- 
ment of  the  tlarth's  magnetic  couple  "  are  phrases  that  have 
been  frequently  used  in  this  chapter:  it  now  becomes  neces- 
sary to  acquire  exact  ideas  of  them. 

In  mechanics  a  couple  consists  of  two  equal  forces  actiug 
.  at  the  ends  of  a  lever  in  opposite  directions  so  as  lo  give  it 
rotary  motion  round  an  axis  through  its  center — Fig,  i88; 


I 


1. 


the  moment  of  the  couple  is  the  sum  of  the  products  of  each 
force  into  llie  arm  it  acts  upon,  thus  in  Fig.  l88, 

F.Ti  ^  F  .7^=  F{^ -i^7d')  =  F.Td,  .     .    {/S) 

and  the  last  form  of  this  expression  is  the  one  usually  defined 
as  the  moment  of  a  couple — that  is,  the  product  of  one  of  the 
forces  into  the  distance  between  them. 

In  Fig.  189.  the  parallel  lines  represent  the  Earth's  mag- 
netic fiehl  in  which  the  magnetized  bar  NS  is  suspended  hon- 
zontally  by  a  thread  and  forcibly  held  at  an  angle  B  with  the 
lines.  Heretofore,  the  iiwgnctisin  of  the  bar  lias  been  sulfposcd 
coiicciitrnlcd  in  tico  points — the  poles — one  at  each  end,  and  of 
equal  sireiigtii ;  denote  this  strength  of  pole  by  m'.  The  mag- 
netism of  the  field  is  uniform — the  same  around  A'',  around  S. 
and  at  everv  intervening  point;   denote  it  by  H.    The  effort 
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of  the  field  is  to  turn  the  bar  round  the  thread  as  an  axis,  and 
the  appropriate  definition  of  this,  is  a  couple:  the  force  at 
each  end  is  made  up  of  two  components — the  magnetism 


Fig.  1 39. 

m')  of  the  bar  and  that  (H)  of  the  Earth;  represent  it  by 
Nf  and  Sf;  but  the  effective  part  of  H  at  right  angles  to  the 
axis  of  the  bar  is  //  sin  ^;  hence  the  effective  force  at  each 
end  is  m'.  H.  sin  ^,  and  if  the  length  of  the  bar  be  denoted 
/,  the  magnetic  moment  acting  upon  it,  is 


'./.y/.sin  d. 


i7(>) 


The  product  of  the  strength  of  one  pole  into  the  length 
[  the  bar — or,  m',  / — is  the  magnetic  moment  of  the  bar; 
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138.  To  determine  the  Variation  with  the  Kew  Magnet- 

teter. —  Tlie  ol>servaiion  for  Variation  may  follow  the 
Ecillation  experiment,  as  the  instrument  is  still  suitably  ar- 
inged  therefor. 

Referring  to  Fig.  180,  it  will  be  seen  that  ^  is  a  small 
tone  mirror  firmly  fixed  to  an  axle  below  the  level  W\  when 
*  magnet  is  raised  to  the  top  of  the  box  by  the  apparatus 
\  P,  it  leaves  a  clear  passage  for  an  image  of  the  Sun  to  be 
Reeled  by  the  mirror  into  the  telescope  L. 

The  mirror  must  be  adjusted  in  three  essential  particulars: 
it)  its  axle  made  horizontal — indicated  by  the  level  above  it; 
n,  its  surface  made  parallel  to  the  axle;  and  3{1,  its  plane 
tendered  perpendicular  to  the  line  of  collimation  of  the  tele- 
scope. The  telescope  is  furnished  with  a  collimating  eye- 
piece, by  which,  when  the  plane  of  the  transit  mirror  is  ver- 
tical, the  image  of  the  wire  of  the  telescope  will  be  seen  by 
reflexion.  By  means  of  the  proper  screws,  the  2d  and  3d 
adjustments  may  be  effected  by  making  the  wire  (seen  di- 
rectly) coincide  with  its  reflected  image  before  and  after 
■eversal  of  the  transit  axis. 

V  With  the  magnet  still  drawn  close  up  to  the  top  of  the 
txjx,  turn  the  upper  structure  round  its  vertical  axis  and  the 
mirror  on  its  axle  until  the  Sun  appears  in  the  field  of  the 
telescope  approaching  the  vertical  wire;  then  clamp  the  in- 
ument  and  read  and  record  the  verniers  of  the  horizontal 
e.  As  each  limb  of  the  Sun  touches  the  vertical  wire, 
;  the  instant  of  contact  by  chronometer,  and  take  the 
|iean  as  tlie  time  of  transit  of  the  Sun's  center. 

139.  To  find  the  true  meridian. — From  the  mean  of  the 
bserved  times,  the  apparent  time  of  transit  of  the  Sun's  cen- 

— the  hour  angle — may  be  obtained;  and  with  the  declina- 

ion  from  the  Nautical  Almanac,  and  the  latitude  of  the  place 

n,  the  true  azimuth  of  the  Sun  may  be  calculated  by 

;r's  analogies  (Chauvenet's  Trig.,  Ed.  1862,  p.  160,  [42] 

I  [43])  as  follows: 
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tan  m  +  B)  =  2l^a'l''l  ""  *'^-      ••(">! 
sin  \{a  —  b) 


The  problem  is  illustrated  liy  Fig,  190,  where  SPZ  is  a 


spherical  triangle  formed  by  great  ■circles  through  the  pole 
of  the  Earth,  the  zenith  of  the  observer,  and  the  Sun:  Rf^^ 
is  the  plane  of  the  horizon  and  QDQ'  that  of  the  Equator;  S 
is  the  position  of  the  Sun,  C  the  hour  angle,  A  the  true  i^^- 
muth,  SP  (—  0)  the  polar  distance,  and  PZ  (=  b)  the  co- 
latitude. 

140.  To  find  the  magoetic  meridian. — The  observation 
of  the  Sun  being  completed,  lower  the  magnet,  unclamp  and 
turn  the  upper  structure  until  the  middle  division  of  the  mag- 
net-scale comes  upon  the  vertical  wire,  when  replace  the  mag- 
net by  the  plummet  D  and  let  it  hang  until  all  twist  is  turned 
out  of  the  suspension  thread ;  this  will  be  indicated  by  the  little 
bar  of  the  plummet  remaining  steadily  on  the  vertical  wire: 
then  suspend  the  magnet  again,  and  by  means  of  the  tangent- 
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r 

■  screw  bring  the  central  division  of  tiie  scale  into  exact  co- 
P  incidence  with  the  vertical  wire;  read  and  record  the  verniers 

■  of  the  horizontal  circle;  revolve  the  magnet  round  its  own 
axis  through  180°,  bring  the  central  division  again  into  co- 
incidence with  the  vertical  wire  and  read  and  record  the  hori- 
zontal circle:    these  two  readings  will  correct  any  want  of 

I  coincidence  of  the  magnetic  axis  with  the  middle  division  of 
rlhe  scale,    Tliis  is  shown  in  Fig.  191 :  if  the  magnetic  axis  is 


Fliot  identical  with  the  axis  of  figure,  the  magnet  will  hang  as 
f.at  M'  and  in  order  to  have  the  vertical  wire  coincide  with  the 
liddle  division  of  the  scale,  the  telescope  must  be  moved 
I  out  of  the  magnetic  meridian  HH  by  a  small  angle  to  7"; 
■'when  the  magnet  is  turned  upside  down,  it  will  swing  as  at 
',  and  the  telescope  will  have  to  be  moved  to  T"  at  an  equal 
[■angle  on  the  other  side  of  the  meridian:  the  mean  of  these 
Itwo  angles  will  give  the  correct  reading  of  the  meridian  on 
!  horizontal  circle,  thus  eliminating  any  irregularity  of  di- 
rection of  the  magnetic  axis  in  the  bar. 
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141.  The  Variation  deduced. — With  the  data  thus  ob- 
tained, the  Variation  is  easily  gotten.  Projecting  Fig.  190 
on  the  plane  of  the  horizon,  it  becomes  Fig.  192:  in  this,  5 

N 


is  the  Sun  when  observed,  and  K  is  the  reading  of  the  horizon- 
tal circle  corresponding  to  the  vertical  plane  through  the 
Sun  and  axis  of  the  telescope;  SZP,  the  true  azimuth  of  the 
Sun,  is  the  angle  A  obtained  by  calculation;  applying  it  to 
the  reading  A',  we  get  the  point  A^  or  reading  of  the  horizon- 
tal circle  corresponding  to  the  true  meridian:  the  point  H 
is  the  mean  of  the  readings  of  the  horizontal  circle  when  the 
middle  division  of  the  magnet-scale  was  observed  in  its  two 
positions — Fig.  191;  it  is  the  direction  of  the  magnetic 
meridian:  hence  the  difference  of  the  readings  N  and  H  gives 
the  angle  NZH,  that  is,  the  Variation. 

142.  Precautions  to  be  taken. — In  all  observations  with 
magnetic  instruments,  keys,  pocket-knives,  steel  frame  eye- 
glasses or  any  other  material  containing  steel  or  iron  should 
be  removed  from  the  observer  and  well  away  from  the  instru- 
ment. 


^^■^H 

^^B     ^K^ 

Wm 
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.Section  Five :  To  Determine  the  Variation  and  Horizontal  Inten- 
L  Gity  on  Shore  with  the  U.  S.  Coast  Survey  Altazimuth 

I  and  Magnetometer. 

143.  Tliis  method  and  the  instruments  used  are  fully  de- 
scribe<l  and  illustrated  in  publications  of  the  U.  S,  Coast  and 
Geodetic  Sur\'ey,  Wasliington.  D,  C,  entitled  "  Appendix 
No.  14 — Report  for  1880"  and  "Appendix  No.  8— Report 
for  1881,"  These  can,  no  doubt,  be  had  by  application  to  the 
Superintendent:  it  would  therefore  be  unsatisfactory  to  give 
here  in  aliridged  form  what  may  easily  be  obtained  in  its 
entirety. 

The  Coast  Survey  has  had  long  and  varied  experience  in 
magnetic  observations,  the  results  of  which  are  embodied  in 
its  publications  with  full  detail  and  scientific  accuracy:  hence 
to  observers  contemplating  work  ,of  this  kind — who  have 
both  instruments  and  methods  to  choose,  ah  initio — those  of 
Jiie  Coast  Survey  are  accessible,  reliable,  and  practical. 


Section  Six :   Magnetographs  and  Other  Instruments  in  Perma- 
nent Observatories. 

144.  Magnetic  Observatories.— In  1806,  Humboldt  es- 
tablished in  Berlin  the  first  magnetic  observatory;  since  then 
they  have  multiplied,  and  to-day  may  be  found  not  only  un- 
der government  control  in  almost  every  capital,  but  also 
connected  with  colleges  in  various  places:  they  dot  the 
globe,  and  iheir  accurate  and  continuous  records  exhibit 
every  fluctuation  of  the  great  magnetic  atmosphere  sur- 
rounding the  Earth. 

145.  The  Magnetic  Observatory  at  Washington. — Plate 
B  is  a  picture  of  the  U.  S.  Naval  Observatory  at  Washington, 
with  the  Magnetic  Observatory  in  the  foreground;    Plate  C 
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Buipment.    In  the  vault  means  are  provided  for  a  continu- 
lus  supply  of  dry,  pure  air  of  a  nearly  constant  temperature. 

146.  The  Magnetographs. — ^The  principle  of  these  instru- 
ments consists  in  the  movement  of  a  suspended  magnet  being 
delineated  upon  a  roll  of  sensitized  paper  by  the  reflexion 
upon  it  of  a  ray  of  light  from  a  mirror  fixed  to  the  magnet. 

Plate  E  gives  a  general  view  of  the  apparatus  as  mounted 
in  the  vault,  and  Plate  F  an  enlarged  illustration  of  the  most 
important  parts. 

These  magnetographs,  the  building  shown  in  Plate  C,  and 
the  large  variation  magnet,  Plate  G,  with  some  other  instru- 
ments, form  the  establishment  and  equipment  of  the  Mag- 
netic Observatory  for  the  Government  as  designed  and  partly 
carried  out  by  the  writer  of  this  Treatise,  and  to  which  refer- 
ence has  been  made  in  another  part  of  the  work. 

In  the  description  that  follows  of  Plates  E  and  F,  the  same 
figures  and  letters  apply  to  identical  parts  in  both:  (i), 
{2),  and  (3)  represent  magnets  variously  suspended  and  cov- 
ered by  glass  receivers;  these  rest  on  circular  brass  boxes, 
the  bearing  surfaces  being  ground  smooth,  and  the  air  ex- 
hausted from  the  receivers,  so  that  the  magnets  move  m 
vacuo.  Certain  fittings  accompany  each  magnet,  whose 
function  is  the  same  for  all:  viz.,  a  copper  frame  D  in  which 
electric  currents  are  excited  by  the  motion  of  the  magnet, 
that  reduce  and  steady  its  oscillations;  a  circular  plane  mir- 
ror M.  in  two  parts — one  firmly  attached  to  the  magnet  and 
so  moveable  with  it.  the  other  fixed  to  a  stationary  support; 
a  gas  flame  L  whose  rays  are  concentrated  by  means  of  vari- 
ous lenses  into  a  short  line  of  light  that  proceeds  through  the 
pipe  P  to  the  mirror,  and  is  thence  reflected  through  the  tube 
T  upon  a  roll  of  photographic  paper  in  the  box  K;  a  tele- 
scope H  with  graduated  scale  5"  for  observing  directly  the 
magnel's  position. 

The  rolls  of  paper  are  revolved  by  clock-work,  as  seen 
in  (4),  and  in  addition  to  the  traces  of  the  magnet's  oscil- 
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lation,  time  and  temperature  curves  are  also  photographed 
upon  them:  thus  side  by  side  all  the  connected  phenomena 
are  continuously  and  automatically  recorded. 

If  the  magnet  remains  at  rest  and  the  roll  of  paper  turns, 
the  spot  of  reflected  light  imprints  a  trace  at  right  angles  to 
the  axis  of  the  revolving  cylinder,  which  is  a  straight  line 
when  the  paper  is  unfolded;  if  the  cylinder  remains  quiet  and 
the  magnet  moves,  the  line  is  parallel  to  the  axis  of  the  cylin- 
der and  of  a  length  equal  to  the  amplitude  of  the  magnet's 
motion:  if  both  cylinder  and  magnet  move,  the  line  is  a 
zig-zag. 

At  (i)  is  the  variation  magnet:  it  is  suspended  by  a 
single  liber  and  has  freedom  of  movement  in  a  horizontal 
plane;  the  upper  half  of  the  mirror  is  fixed  to  it  by  a  stem 
passing  through  a  hole  in  the  copper  frame,  and  the  lower 
half  to  the  bottom  of  the  box  with  its  plane  set  at  a  known 
angle  with  the  tnie  meridian;  the  light  reflected  from  this 
half  draws  a  straight  line  on  one  of  the  two  horizontal  rolls 
tlu*  base  from  which  measurements  are  made  to  the  zig- 
zag line  traced  by  the  upper  half  of  the  mirror.  These  meas- 
uri'd  distances  are  the  relative  positions  of  the  magnetic 
niniiliaM — in  fact  the  relative  successive  values  of  the  Varia- 
lii»ii  at  the  times  recorded  beside  them:  to  make  these  abso- 
\\\W  v;ihu's.  all  that  is  necessary  is  to  compare  any  one  of  them 
\\\\\\  ll»r  X'ariation  determined  at  the  same  time  by  the  large 
N.iii.ilhMi  MKi^not  in  Plate  G. 

\i  (_')  is  the  horizontal  intensity  magnet:  the  suspen- 
,h»n  I'.  I»N  ■^  Tine  steel  wire  that  passes  round  the  groove  of 
.^  Mu.ill  wIutI  on  top  of  the  magnet,  and  then  has  both  ends 
i^-.isMU'J  .It  (^  to  a  horizontal  screw,  at  a  distance  apart  equal 
.,»  \W  \\\M\\vW\  of  the  wheel:  thus  the  magnet  is  in  reality 
xn-.p^nvK'd     bv     two     wires — the     bifilar     suspension — both 

wnrvMs  lii'j»t  'it  ''II  times. 

\  \\\,^  .u  .|'*"«»'.iini  has  such  direction  that  the  magnet  is  held 
.Vi.v4.v»N^snM.Urls   at  ri^ht  angles  to  the  magnetic  meridian— a 
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msitive,  unstable  position.  The  principle  of  this  instrument 
r  oiie  that  has  already  been  described — the  balancing  of 
nagnetism  against  another  force.  If  a  heavy  beam  be  hung 
t  two  ropes,  one  near  each  end,  it  will  settle  into  the  veni- 
al plane  through  the  ropes;  if  the  beam  be  forcibly  turned 
ound  a  vertical  axis  midway  between  the  ropes,  it  wil!  tend 
)  return  to  its  former  position  of  rest  with  a  force  inversely 
■oportional  to  the  length  of  the  ropes,  and  directly  to  their 
tistance  apart  and  directly  also  to  the  sine  of  the  angle  of  de- 
lection  and  to  the  weight  of  the  beam:  and  this  directive 
Dree,  whatever  one  chooses  to  call  it — gravity,  or  weight  of 
he  beam,  twist  of  the  ropes,  or  both  combined — is  precisely 
phat  acts  on  the  steel  bar  of  bifilar  suspension  to  keep  it 
icross  the  meridian,  while  the  Earth's  horizontal  intensity, 
acting  on  the  magnetism  of  the  same  bar,  tends  to  turn  it  par- 
»llel  to  the  meridian.  The  balance  of  tliese  two  forces  deter- 
mines the  direction  of  the  magnetic  bar,  and  so  it  will  lie  as 
long  as  they  are  equal.  The  weight  of  the  bar.  its  magnetic 
■nt,  and  the  twisting  force  of  the  suspension  wires  or, 
briefly,  the  force  of  direction  may  (with  proper  corrections) 
;  considered  invariable;  this  all  on  one'side  of  the  balance: 
^hat  on  the  other — the  Earth's  horizontal  intensity  is  ever 
iraxing  and  waning,  and  hence  the  position  of  equilibrium  of 
;  magnet  is  constantly  changing,  and  the  mirror  attached 
D  the  magnet  flashes  these  changes  upon  the  roll  of  paper  in 
4)  where  they  are  photographed  in  a  sinuous  curve.  Meas- 
ired  from  the  base  line  traced  by  the  lower  half  of  the  mirror, 
hese  may  be  converted  into  absolute  measure  by  comparison 
tf  any  one  of  them  with  the  intensity  determined  at  the  same 
hne  by  oscillation  and  deflection  experiments  with  the 
iiifilar  magnetometer. 

At  (3)  is  the  vertical  intensity  magnet — a  steel  bar  with 
i  knife-edge  axle  that  rests  on  agate  rails  and  is  provided 
rith  means  of  delicately  and  accurately  balancing  it  in  a  hori- 
mtal  position  previous   to   magnetization   and   also  after- 
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wards.  The  final  adjustment  is  such  that  the  center  of  grav- 
ity of  the  system  is  slightly  below  the  center  of  suspension, 
the  effect  of  which  is,  that  the  more  the  magnet  is  drawn 
down  from  a  level  position  by  the  vertical  magnetic  intensity, 
the  greater  is  the  mechanical  moment  of  the  bar  to  bring 
it  back:  the  latter  is  constant — the  former  variable,  so  thai 
the  continued  balancing  of  the  two-makes  the  bar  move  up 
and  down — a  motion  that  is  reflected  by  the  mirror  on  the 
vertical  roll  of  paper  in  (4)  and  there  photographed  as  a. 
serrated  line. 

Plate  H  is  a  reproduction  from  an  actual  photographic 
record  for  two  days  each  of  the  Variation  and  the  Horizontal 
Intensity.  Sometimes  these  curves  are  quite  even  and  regu- 
lar, indicating  a  quiescent  magnetic  atmosphere;  and  again, 
when  a  magnetic  storm  is  raging,  of  which  an  example  will 
be  given  in  the  next  chapter,  they  are  serrated,  jagged,  and 
irregular  in  strict  conformity  to  the  violent,  writhing  condi- 
tion of  the  magnetic  medium.  The  straight  lines  at  the  bot- 
tom of  the  Plate  are  the  base  lines,  with  the  hours  of  the  day 
spaced  along  them. 

Of  late  years,  the  records  of  magnetic  observatories  have 
been  greatly  vitiated  by  the  proximity  of  electric  street  rail- 
ways, and  in  some  cases  to  snch  extent  as  to  cause  entire 
suspension  of  the  records:  the  electromagnetic  waves  eman- 
ating from  the  operating  current  affect  the  instruments  and 
mask  the  natural  movements  of  the  magnetic  medium. 

In  Germany,  objection  has  been  made  to  electrical  rail- 
ways with  overhead  supply  and  rail  return  coming  within  n 
radius  of  fifteen  kilometres  of  a  magnetic  observatory;  ami 
the  delicacy  of  the  instruments  at  the  Potsdam  Observatoiy 
is  such  that  the  influence  of  a  cut-up  continuous  current  has 
been  detected  at  a  distance  of  seventeen  kilometres. 

147.  Instruments  for  absolute  measurements The  ab- 
solute instruments  are  to  the  curves  of  the  magnetographs 
what  the  "  mean  sea-level  "  is  to  the  rise  and  fall  of  the  occin 


i 


MAGNETOGRAPHS  AND    OTHER  INSTRUMENTS.      3^5 


M 


X 

o 

Z  T-» 

o 


00 


111 
u 

o  ? 
u.    . 


of 

O 


091 


oo 


01 


01 


00 


0« 


3l6     DETERMINATION  OF   THE  MAGNETIC  ELEMENTS. 

recorded  by  automatic  tide-ganges — a  standard  of  referena 
Periodicaiiy,  observations  are  made  directly:  of  the  ' 
tioii  with  the  instrument  shown  in  Plate  G;  of  the  Dip  with 
the  Barrow  Circle;  and  of  the  Horizontal  Intensity  with  (he 
Kew  Unifilar  Mag^ietonieter.  The  Dip  is  not  recorded 
graphically — but  observed,  and  also  calculated  by  the  follow- 
ing formula  from  simultaneous  values  of  the  horizontal  an^f 
vertical  intensity  given  by  the  magnetograph  curves. 


tan  D  : 


H' 


The  Total  Intensity  is  neither  observed  nor  graphically 
recorded,  but  calculated  from  simultaneous  values  of  the 
horizontal  and  vertical  intensity  given  by  ihe  magnetograph, 
curves,  by  this  formula, 


r  ^  Vir  +  Z'. 


jraph^ 
atioal 


As  stated  previously,  one  point  of  the  curve  of  VariatioB 
or  Intensity  being  fixed  in  absolute  measure  by  direct  com- 
parison with  a  determination  of  the  same  element  at  the  same 
time  by  an  absolute  instrument,  all  other  parts  of  the  curve 
— at  hourly  intervals,  for  instance — become  readily  converti- 
ble into  absolute  measure;  and  this  is  the  way  in  which 
tables  of  the  elements  are  made  up. 

Methods  of  determining  the  Dip  and  Intensity  have  been 
given  in  previous  articles:  it  only  remains  to  describe  the 
absolute  variation  instrument  of  Plate  G. 

The  magnet  is  a  rectangular  bar,  12  inches  by  1,25  inches 
by  0.2  inch — suspended  by  silken  fibers  fastened  to  a  torsion 
circle  at  the  top  of  a  thick  glass  tube  60  inches  long; 
magnet  has  sliding  weights  and  small  levels  for  adjusting  tj 
to  horizontality,  and  it  swings  in  a  brass  box  with  glass  ends. 
At  the  middle  point  of  the  magnet  there  is  a  metal  strap  with 
two  studs  for  suspension  points — one  above,  the  other  below, 
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SO  that  the  magnet  may  be  turned  for  observations  erect  and 
inverted  to  correct  for  irregularity  of  magnetic  axis.  A  pure 
copper  frame  surrounds  it  lo  reduce  and  steady  its  move- 
ment; and"  a  small  mirror  with  screws  for  accurate  adjust- 
ment is  attached  to  its  south  end. 

The  theodolite  for  observing  the  magnet  is  mounted  on 
a  brass  block  which  travels  east  and  west  by  means  of  a  large 
screw,  on  rails  embedded  in  another  block  of  brass  secured 
to  the  top  of  the  pier:  the  pier  is  some  distance  from  the 
magnet.  The  horizontal  circle  of  the  theodolite  is  10  inches 
diameter  and  can  be  read  to  seconds  by  two  micrometers. 
On  the  north  side  of  the  theodolite  pier,  just  above  the  Hoor, 
is  a  curved  scale,  of  radius  equal  to  its  distance  from  the  sus- 
pension thread:  the  scale  has  adjusting  screws  and  levels. 
From  the  frame  of  the  theodolite  a  plumb  bob  is  suspended 
so  as  to  hang  in  front  of  the  object-glass  of  the  telescope,  the 
point  of  suspension  having  a  small  lateral  motion  by  means 
of  a  screw. 

To  determine  the  Variation  with  this  instrument,  a  num- 
ber of  adjustments  and  corrections  have  to  be  made  prelimi- 
nary to  the  cJiief  work,  which  consists  of  two  parts:  ist,  to 
determine  the  reading  of  the  horizontal  circle  of  the  theodo- 
lite corresponding  lo  tlie  true  meridian;  and  2d.  a  similar 
reading  for  the  magnetic  meridian;  the  difference  of  the  two 
is  the  Variation  at  the  instant  of  observation  of  the  magnetic 
meridian. 

The  true  meridian  is  found  from  transits  of  the  stars,  and 
the  magnetic  meridian  by  observing  the  scale  divisions  re- 
flected by  the  magnet  mirror  across  the  vertical  wire  of  the 
eye-piece  of  the  telescope  as  it  oscillates  to  and  fro,  and  tak- 
ing the  mean  of  a  sufficient  number  each  way  to  give  an  accu- 
rate result,  the  reading  of  the  horizontal  circle  of  the  theodo- 
lite corresponding  to  this  mean  being  the  required  direction 
of  the  magnetic  meridian. 


CHAPTER  IX. 

SUN-SPOTS;     AURORv^S ;    ELECTRIC     DISCHARGES 
HIGH    VACUA;    MAGNETIC    STORMS;    AND 
TELLURIC   CURRENTS. 


Section  One:  Sun-spots — Their  Aspect,  Motion,  Lifetime, 
Spectrum,  Periodicity,  and  Cause. 

148,  The  Spectroscope. — The  phenomena  treated  in  this 
Chapter  have  received  sucli  elucidation  from  researches  with 
the  spectroscope  and  the  application  of  Doppler's  Principle. 
that  a  brief  description  of  both,  preliminary  to  the  main  sub- 
ject, seems  desirable. 

The  spectroscope  has  a  variety  of  forms,  but  the  principlt 
of  all  may  be  illustrated  by  Fig.  193:  it  consists  of  three  parts, 
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Fic.  193. 

the  collimator  C  for  directing  light  from  a  source;  the  prism 
P  for  decomposing  it;  and  the  telescope  T  for  examining  in 
detail  the  spectrum  thus  formed.  The  light  enters  the  aper- 
ture s  and  emerges  in  parallel  rays  from  the  lens  A,  thence 
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■ing  the  course  indicated,  to  the  eye.    The  aperture  may 
my  form,  but  a  narrow  slit  of  variable  width  is  the  usual 

it  admits  a  line  of  light.  Suppose  this  to  be  a  single 
color — red;  it  has  a  definite  refrangibility,  and  therefore,  after 
traversing  the  prism,  will  appear  to  the  eye  at  a  certain  point 
las  a  narrow  line,  which  is  the  exact  size  of  the  slit. 

Let  the  light  be  orange — a  mixture  of  red  aiid  yellow; 
these  colors  have  different  refrangibility,  the  prism  will  sep- 
arate them,  and  the  eye  will  perceive  two  narrow  lines — one 
red,  ihe  other  yellow,  with  a  space  between.  Let  the  light 
be  composed  of  many  colors— then  the  prism  will  assign  to 
each  the  exact  point  its  refrangibility  requires,  and  the  eye 
see  a  corresponding  number  of  variegated  lines  spaced 
tpart  like  the  pickets  of  a  fence.  If,  however,  the  light  be 
lat  of  a  candle,  composed  of  ail  shades  of  every  color,  then 
each  will,  as  before,  be  refracted  to  its  proper  point,  but  tbey 
pass  by  such  insensible  gradation  one  into  another,  that  they 
blend  into  a  continuous  ribbon  of  every  hue. 

Each  shade  of  every  color  has  a  specific  wave-length — so 
many  ten-millionths  of  a  millimetre  (the  unit  being  one  ten- 
millionth),  by  which  it  is  designated:   thus,  a  particular  shade 
jof  incandescent  hydrogen  is  known  as  A.  3970,2,  meaning 
that  this  wave-length  1  is  3970.2  ten-millionths  of  a 
illimetre. 

If  any  wave-length  or  shade  of  color  be  specially  abun- 
int  in  a  sheaf  of  rays,  its  line  or  place  in  the  spectrum  will 
more  brilliant  than  the  others;    and  if  any  be  wholly  ab- 
its  line  will  be  dark:    the   entire  solar  spectrum  is 
by  dark  lines,  showing  that  certain  shades  of  color  or 
'ave-lengths,  originally  proceeding  from  the  photosphere. 
absorbed  by  the  reversing  layer,  or  envelope  of  compara- 
ively  cooler  gas,  that  lies  above  and  about  the  self-luminous 
composing  the  solar  disc.     It  is  not  the  prismatic  col- 
alone  that  form  the  spectrum  of  the  Sun,  but  there  is  a 
:at    range    of   ultra-violet    rays    that    only    photographic 
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Sun  makes  a  full  revolution.  The  average  lifetime  is  two  t« 
three  months,  and  the  longest  yet  known  was  eighteeiu 
months.    They  seldom  come  singly,  but  in  groups.  | 

There  is  no  regular  process  of  formation  of  a  spot — it  i;^ 
both  gradual  and  rapid — sometimes  the  work  of  a  day,  and 
again  of  weeks:  a  disturbance  becomes  manifest  by  the  ap- 
pearance of  minute  black  dots;  these  enlarge,  with  grayish 
patches  between,  as  if  a  dark  mass  lay  screened  below  a  thin, 
stratum  of  luminous  filaments;  the  veil  grows  thinner  and 
vanishes,  disclosing  the  completed  spot. 

When  its  end  approaches,  the  surrounding  photosphere 
seems  to  crowd  in  upon  the  penumbra,  bridges  of  dazzling 
light  push  across  the  umbra,  the  penumbral  ftlanients  become 
confused,  and  the  luminous  matter  seems  to  tumble  pell-mell 
into  the  chasm:  the  agitation  gradually  subsides  and  the  spot 
is  gone.  At  times,  though  very  rarely,  a  different  phenome- 
non of  the  most  startling  character  appears  with  spots: 
patches  of  intense  brightness  suddenly  break  out,  remain  visi- 
ble a  few  minutes,  and  move  with  a  velocity  as  great  as  one 
hundred  miles  a  second. 

"  In  a  few  instances  these  gaseous  eruptions  near  a  spot 
are  so  powerful  and  brilliant  that  with  the  spectroscope  their 
forms  can  be  made  out  on  the  background  of  the  solar  sur- 
face in  the  same  way  that  the  prominences  are  seen  at  thft 
edge  of  the  Sun.  In  fact,  there  is  probably  no  difference  at 
all  in  the  phenomena,  except  that  only  prominences  of  most 
unusual  brightness  can  thus  be  detected  on  the  solar  surface. 
An  occurrence  of  this  kind  fell  under  my  [Prof,  C.  .\. 
Young's]  observation  on  Sept.  28,  1870.  .\  large  spot 
showed  in  the  spectrum  of  its  umbra  all  the  lines  of  hydi 
gen,  magnesium,  sodium,  and  some  others,  rn-crsed. 

"  Suddenly,  the  hydrogen  lines  grew  greatly  brighter,  sOl 
that  on  opening  the  slit  of  the  spectroscope,  two  immense 
luminous  clouds  could  be  made  out.  one  of  them  nearly  130. 
000  miles  in  length  by  some  20,000  miles  in  width,  the  other 
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Bbout  half  as  long.    They  seemed  to  issue  at  one  extremity 
rironi  two  points  near  the  edge  of  the  penumbra  of  the  sun- 
spot,  remained  visible  about  twenty  minutes  and  then  faded 
gradually  away."     The  protuberances  are  most  numerous  in 
I  the  solar  latitudes  precisely  where  the  spots  are  most  abun- 
Hant,  but  ihey  do  not  cease  in  lat.  40°,  as  the  spots  do. 
p       Besides  moving  it'iV/j  the  mass  of  the  Sun,  the  spots  them- 
selves move  alo}ig  its  surface;   and  they  are  practically  con- 
fined lo  two  belts,  one  on  each  side  of  tlie  Sun's  equator, 
between  latitudes  10°  and  35°.     By  the  motion  of  the  spots 
the  time  of  revolution  of  the  Sim  has  been  determined:  but  it 
has   no   oitc   definite   perio<l   as    the    Eanh   has;     equatorial 
regions  complete  a  revolution  in  less  than  25  days;   the  zone 
of  latitude  20°  in  about  25-3  days;    that  of  30°,  in  26^  days; 
and  of  lat.  45°  in  2y\:   this  is  another  feature  confirmatory  of 
the  Sun  being  a  gaseous  body,  for  no  solid  mass  could  have 
such  a  variable  time  of  revolution  of  its  different  parts. 

"  The  spectrum  of  a  spot  tends  to  show  that  the  dark 
portion  is  a  cavity  filled  -with  gases  and  vapors  which  pro- 
duce the  obscuration,  in  part  at  least,  by  absorbing  the  light 
emitted  from  the  floor  of  the  depression.  At  times,  the  spec- 
trum of  a  spot  gives  evidence  of  violent  motion  in  the  over- 
lying gases,  by  distortion  and  displacement  of  the  lines.  In 
such  cases  it  often  happens  that  lines  side  by  side  are  affected 
in  entirely  different  ways— one  will  be  greatly  ilisplaced 
while  its  neighbor  is  not  disturbed  in  the  least,  showing  thai 
the  vapors  which  produce  the  lines  are  at  different  levels,  and 
J  not  participate  to  any  great  extent  in  each  other's  move- 
ments."   (Prof.  C.  A.  Young.) 

Between  1825  and  1851  the  face  of  the  Sun  was  closely 
watched  every  day  and  a  complete  record  obtained  of  the 
pots  appearing  during  that  time:  it  disclosed  the  unex- 
pected fact  that  there  is  a  periodicity  of  maxima  and  minima 
in  the  number  of  the  spots. 

Then  the  record  of  every  spot  for  years  was  ferreted  out 
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of  its  dusty  abode,  al!  were  systematically  classified,  and  the 
result — given  in  Table  22 — confirmed  not  only  the  fact  ot 


YEARS  OF  MAXIMA  AND  MINIMA  OF  SUN-SPOTS.  AND  RELA. 
TIVE  NUMBERS  INDICATIVE  OF  THE  FREQUENCY  OF 
SPOTS  IN  THOSE  YEARS. 
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periodiciiy  already  stated,  but  changed  its  time  only  slightly: 
the  nicau  value  is  eleven  and  one-ninth  years,  with  some  vari- 
abiliiv  on  account  of  difticully  in  fixing  the  dates  of  the  larg- 
est and  smallest  number  of  spots. 

Ilcsidos  this  mere  alternation  of  varying  number,  anothei" 
fact  was  liroHijlu  out  by  the  Table,  namely,  "  that  the  inter- 
v;\I  from  a  mininuuu  10  the  next  following  maximum  is  only 
■iboul  4-=i  vears  on  the  average,  while  from  the  maximum 
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the  next  following  mimimum  the  interval  is  6.6  years  " — 
It  is,  "  the  disturbance  which  produces  the  spot  springs 
ip  suddenly,  but  dies  away  gradually."'    {Prof.  Young.) 

Of  the  many  theories  that  endeavor  to  account  for  sun- 
spots,  the  following  by  Prof.  Young  seems  to  me  to  appeal 
most  to  the  reason:  "  that  they  are  depressions  in  the  photo- 
spheric  level  caused,  not  directly  by  the  pressure  of  the 
erupted  materials  from  above,  btit  by  the  diminution  of  up- 
ward pressure  from  below,  in  consequence  of  eruptions  in 
the  ueighborhoo<l:  the  spots  thus  being,  so  to  speak,  sinks 
in  the  photosphere. 

"  Undoubtedly  the  photosphere  is  not  a  strictly  continu- 
ous shell  or  crust,  but  it  is  heavy  as  compared  with  the  un- 
condensed  vapors  in  which  it  lies,  just  as  a  rain-cloud  in  our 
terrestrial  atmosphere  is  heavier  than  the  air,  and  it  is  proba- 
bly continuous  enough  to  have  its  upper  level  affected  by  any 
diminution  of  pressure  below. 

"  The  gaseous  mass  below  the  photosphere  supports  its 
weight  and  that  of  the  products  of  condensation  which  must 
always  be  descending  in  an  inconceivable  rain  and  snow  of 
molten  and  crystallized  material. 

"  To  all  intents  and  purposes,  though  nothing  but  a  layer 
of  clouds,  the  photosphere  thus  forms  a  constricting  shell, 
and  the  gases  beneath  are  imprisoned  and  compressed. 

"  Moreover,  at  a  high  temperature  the  viscosity  of  gases, 
is  vastly  increased,  so  that  quite  probably  the  matter  of  the 
solar  nucleus  resembles  pitch  or  tar  in  its  consistency  more 
than  what  we  usually  think  of  as  a  gas.  Consequently,  any 
sudden  diminution  of  pressure  would  propagate  itself  gradu- 
ally from  the  point  where  it  occurred. 

Whenever  a  free  outlet  is  obtained  through  the  photo- 
ihere  at  any  point,  thus  decreasing  the  inward  pressure,  the 
result  would  be  the  sinking  of  a  portion  of  the  photosphere 
somewhere  in  the  immediate  neighborhood  to  restore  the 
equilibrium;    and   if   the   eruption   were   kept    up   for    any 
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length  of  time,  the  depression  in  the  photosphere  would  con- 
tinue lill  the  eruption  ceased.  This  depression,  filled  with 
the  overlj-ing  gases,  would  constitute  a  spot.  Moreover,  the 
line  of  iracturc.  ii  we  may  call  it  so,  at  the  edges  of  the  sink 
would  be  a  region  of  weakness  in  the  photosphere,  so  that  we 
should  expect  a  series  of  eruptions  all  around  the  spot.  For 
-  a  time  the  disturbance,  therefore,  would  grow,  and  the  spoi 
■woult]  enlarge  and  deepen  until,  in  spite  of  the  viscosity  oi 
the  internal  gases,  the  equilibrium  of  pressure  was  gradual!)' 
restored  beneath.  So  far  as  we  know  the  spectroscopic  and 
^■is^a^  phenomena,  none  oi  them  contradict  this  hypothesi:." 
No  satisfactory  explanation  has  ever  been  given  of  the  regu- 
lar periodical  variation  in  number  of  the  sun-spots. 


SectiDn   Two :    Auroras — Their   Varieties,   Colors,    Spectnim, 

Extent  of  Visibility,  Height  above  Earth,  Periodicity, 

and  Theory. 

151.  Auroral  forms  and  hues. — There  art  many  lumin- 
ous conditions  of  the  sky  in  polar  regions,  both  austral  and 
boreal,  from  the  mere  diffused  light  without  rays,  to  forms 
of  definite  shape — arches  like  rainbows;  streamers  converg- 
ini:;  10  a  crown:  draperies  like  flags  floating  in  the  breeze; 
.inil  fan-shaped  radiations:  all  are  called  auroras,  and  the  sum- 
mits of  every  kind  are  either  in  the  magnetic  meridian,  or 
not  far  fmni  it,  while  the  beams  are  generally  parallel  to  the 
dirciiion  of  ihe  dipping-needle. 

Anroras  arc  often  of  the  most  brilliant  colors — crimson 
toward  iho  lower  contour,  yellow  in  the  middle,  and  green- 
ish Miio  above— all  soft  and  delicate  tints. 

So  ^Muy  is  their  snhstance  that  stars  may  be  seen 
tlnoiii;li  thorn,  and  when  undulating,  as  they  often  do  for 
li'Mii-^.  tlu-  moving  folds  of  color  are  most  beautiful. 

lii;.  104  represents  a  draped  aurora. 
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The  duration  of  these  phenomena  varies  from  one  to  sev- 
■eraJ  hours,  and  the  celebrated  aurora  of  1859  lasted  more 
than  a  week. 

152.  Nature  of  the  auroral  light. — Auroras  have  been 
examined  with  poiariscopes  and  spectroscopes. 

Polarization  is  a  condition  of  light-waves  acquired  by  re- 
fraction through  a  substance,  or  reflection  from  its  surface; 
and  if  light  coming  from  a  body  exhibits  this  polarized  con- 
dition, we  know  that  it  does  not  originate  in  the  body. 

Direct  light  from  the  Sun  is  not  polarized — that  from  the 
moon  is:  the  former  is  an  original  source — the  latter  a  re- 
flected one.  There  is  not  a  trace  of  polarization  in  the  auro- 
ral hght.  and  hence  it  is  self-luminous,  and  not  as  halos  and 
rainbows  are — phenomena  of  vaixir  reflections  and  refrac- 
tions.    And  the  spectroscope  confirms  this  fact. 

The  spectrum  of  an  incandescent  body  is  an  index  both 
of  its  condition  and  chemical  composition:  solids,  liquids  and 
dense  masses  of  non-transparent  vapors  give  spectra  com- 
posed of  colors  that  merge  one  into  another  without  break; 
tenuous  gases,  on  the  other  hand,  give  spectra  that  resem- 
ble an  irregularly  spaced  picket  fence — the  palings  of  differ- 
ent colors  with  dark  gaps  between;  the  particular  colors  and 
their  spacing  apart  indicate  the  nature  of  the  gas. 

The  spectrum  of  the  aurora  is  of  the  latter  kind,  showing 
it  to  be  due  to  a  rarefied  gas.  To  continue  the  metaphor, 
the  pickets  of  this  particular  fence  are  yellow,  green,  and 
blue;  that  is,  the  wave-lengths  of  the  auroral  spectrum  are  in 
these  colors,  though  one  alone — the  brightest  of  all — wave- 
length 557,  of  greenish-yellow  hue,  is  absolutely  characteris- 
tic of  the  aurora,  not  having  been  found  in  any  other  known 
body,  except  the  zodiacal  light. 

The  remaining  wave-lengths  or  'Shades  of  color  of  the 
auroral  spectrum  are  also  found,  either  identically,  or  nearly 
so,  in  spectra  of  lightning  and  of  electric  discharges  in  very 
rarefied  air. 
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153.  Regions  of  auroral  display. — Auroras  increase  rap- 
idly ill  both  nuinber  and  brilliancy  as  we  proceed  tow'ard  the 
magnetic  poles:  indeed  there  seems  to  be  two- distinct  classes 
of  these  phenomena — one,  of  restricted  area,  low  in  altituile, 
seen  only  in  ix)lar  regions,  and  of  little  effect  upon  the  mag- 
netic needle;  the  other,  high  above  the  Earth,  visible  around 
both  magnetic  poles  at  the  same  time,  like  huge  conical  ex- 
tinguishers that 'Spread  almost  to  the  Tropics;  and  these  are 
invariably  accompanied  by  great  magnetic  disturbances,  un- 
usual telluric  currents,  telegraphic  interruption,  and  solar 
outbursts  and  spots:  in  fact  the  whole  electric  and  magnetic 
condition  of  Earth,  Air,  and  Sun  seems  to  be  involved  in  one 
violent  commotion. 

Tlie  great  aurora  of  1859  was  part  of  such  a  univer^l 
agitation:  it  consisted  of  numerous  beams  or  columns  nearly 
parallel  everywhere  to-the  dipping-needle,  with  its  summii  in 
the  magnetic  meridian.  This  aurora,  by  measurement,  li-iJ 
its  apex  534  miles,  and  its  lower  limit  46  miles,  above  the 
Earth — therefore,  in  the  very  rarest  regions  of  the  atmiis- 
phere,  which  would  lend  support  to  a  previous  statement  that 
the  electromagnetic  waves  arising  from  an  outburst  on  the 
Sun,  upon  reaching  the  rare  strata  of  our  atmosphere,  would 
illumine  them  as  electric  discbarges  do  vacuum-tubes. 

On  the  evening  of  Sept.  gtb,  1898,  an  auroral  display  was 
visible  in  England,  and  on  the  following  evening  one  was 
seen  in  New  Zealand:  "  The  whole  southern  heavens  [in 
the  words  of  an  eye-witness]  at  first  became  suffused  with  a 
bright  orange  light  low  down  upon  the  horizon,  from  which 
a  few  streamers  issued  from  time  to  time,  rising  to  a  height  of 
say  45°.  When  both  glow  and  streamers  had  faded  away,  I 
noticed  three  luminous  clouds,  one  at  the  zenith.  The  larg- 
est of  these  clouds  increased  in  size,  and  stiot  forth  a  few 
streamers  of  light,  both  upward  and  downward,  and  all  then 
disappeared.  I  have  witnessed  several  auroral  displays  at 
Ashburton  (New  Zealand),  but  none  like  that  of  Sept.  lotli. 
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the  distinguishing  features  of  whicli  were  llie  orange  glow 
and  lh^  luminous  clouds. 

■■  On  the  following  day,  my  telephone,  which  had  never 
failed  me  before,  worked  irregularly,  and  some  of  the  other 
telephones  in  the  town  were  similarly  affected." 

More  instances  will  be  cited  later  of  auroras  having  been 
seen  at  the  same  time  in  the  most  remote  parts  of  the  Earth. 
One  observer  finds  an  aurora  "embodied  in  and  swept  the 
Earth  with  successive  banks  of  Cape  Breton  fog.  ...  In 
this  fog-bank  hung,  as  it  were,  a  brilliant  curtain  of  light  with 
a  wide  fringe  or  flounce  of  maximum  brilliancy  along  the 
bottom  edge,  the  light  fading  upwartl  along  the  curtain, 
but  traceable  to  the  very  zenith,  and  the  curtain  stretch- 
ing fron>the  eastern  horizon  out  at  sea  to  the  wester-n  horizon 
on  the"  low  hilltops.  The  curtain  was  evidently  vertical,  thin, 
straight,  long  enough  to  reach  from  one  limit  of  the  vision 
to  the  other,  and  fioating  broadside  before  the  south  wind 
toward  the  north.  No  reasoning  could  convince  me  that 
these  were  not  elements  of  the  phenomena,  and  moreover, 
that  the  lower  edge  of  the  bright  fringe  was  more  than  loo 
or  200  yards  away  at  its  nearest  point  when  we  first  saw  it. 
Its  rate  of  departure  from  us  was  evidently  that  of  the  fog- 
bank  or  that  of  the  gentle  south  wind  then  blowing. 

"  The  perspective  of  the  whole  curtain  changed  in  con- 
formity with  that  supposition," 

Another  observer  found  an  aurora  so  distinctly  an  entity 
of  a  clear  blue  sky  that  he  obtained  a  photograph  of  a  land- 
scape by  means  of  its  light,  which  was  vivid  enough  to  ob- 
scure the  stars. 

And  'Still  again,  an  .Arctic  explorer  of  wide  experience 
having  fallen  -with  his  train  into  a  deep  rift  between  the  ice 
and  the  shore,  where  the  dogs  tumbled  about  in  the  dark- 
ness and  none  could  see  what  to  do,  when  "  suddenly  from 
the  summit  of  a  neighboring  cliff,  an  aurora  of  great  beauty 
and  power  appeared  in  the  southwest  and  shed  upon  us  a 
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light  so  intense  that  we  could  see  the  smallest  articles  of  onr 
equipment,  and  were  enabled  thereby  to  extract  the  dogs 
from  their  tangled  harness  and  proceed  in  safety.     A  severe  ■ 
snow-storm  was  raging  and   before   the  appearance  of  thM 
aurora,  the  night  was  pitch  dark."  1 

Observations  long  continued  in  various  parts  of  the  globe 
establish  the  fact  that  daily,  yearly,  and  secular  maxima  anJ 
minima  oc'cnr  in.  the  number  of  auroras;  and  that  even  iheir 
most  brilliant  phases,  undulating  motion,  and  final  disappear- 
ance are  not  matters  of  haphazard,  but  rather  of  regular  re- 
currence. 

All  this  periodicity  is  closely  analagous  to  like  periodicity 
in  the  ebb  and  flow  of  the  magnetic  medium  pervading  Earth 
and  .'^ir.  as  illustrated  in  the  variability  of  the  magnetic  ele-j 
ments:  it  denotes  some  connection  between  the  two  kindM 
of  phenomena,  which  will  receive  more  support  later  on,     1 

The  daily  maximum  of  auroras  occurs  in  the  early  part  of 
the  night  of  each  locality,  and  the  rainimtim  toward  morning: 
the  (iinii/(j/  maxima  take  place  in  the  spring  and  autumn 
proper  to  each  hemisphere,  and  the  minima  in  their  \ 
and  summer;  but  it  is  the  secular  periorhcity  that  is  of  mo! 
interest  and  importance,  as  coinciding  with  that  "of  anothi 
phenomenon— sun-spots — that  has  already  been  alluded  t 
as  (indirectly,  at  least)  a  possible  cause  of  the  auroras:  t 
is.  auroras  are  the  glow  of  rarefied  atmospheric  regions  due  tj 
the  advent  of  an  electromagnetic  flux:  this  results  from  v 
lent  soiar  outbursts:  these  accompany  sun-spots:  and  hene^ 
the  grandeur  and  number  of  the  heavenly  illuminatic 
should  bear  some  correspondence  with  the  size  and  frequi 
of  the  sun-spots — and  they  do.  The  connection  is  i 
striking,  as  will  be  seen  by  Fig.  195,  where  the  upper  cuni 
represents  the  varying  number  of  auroras  and  the  lower  curl 
that  of  sun-spots  during  a  period  of  150  years,  from  17200 
1870. 
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154.  Theories  of  the  Aurora.^Ii  is  but  a  natural  step  to 
EofFer  other  explanations  of  the  aurora.  Conceding' — which 
is  the  fact — that  the  variation  of  any  intense  magnetic  con- 
dition will  illumine  rarefied  air  within  its  inJliience.  this  illu- 
mination may  also  be  broiight  about  by  electromap^netic 
waves  issuing  outward  from  the  Earth  when  its  magnetic 
equilibrium  is  greatly  disturbed;  and  such  disturbances  would 

COINCIDENT  OOCURHENCE  OF  AURORAS  ANO  SUN  SPOTS. 
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explain  another  fact  observed  during  great  auroras — the  wild 
commotion  of  magnetic  needles:  both  aurora  and  magnetic 
storm  would  then  be  the  visible  consequence  of  the  same 
^ause — a  fluctuation  of  the  Earth's  magnetism. 

The  theory  that  the  aurora  is  of  electric  origin  rests 
liefly  on  two  facts:  ist,  that  its  light  resembles  the  glow  of 
um-tube  pervaded  by  an  electric  discharge;  and  2d, 
that  magnetic  needles  move  erratically  with  the  swaying  of 
auroral  beams,  the  darting  forth  of  their  rays,  or  the  varj'ing 
illiancy  of  their  colors — it  amounts  almost  to  a  rhythmic 
vement  of  both  aurora  and  needle. 
Consider  Plate  J — a  record  of  the  magnetographs  in  the 
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U.  S.  Magnetic  Observatory  at  Washington,  February  i3thl 
and  14th,  1892:  it  is  of  special  interest  as  showing  the  beha-J 
vior  of  the  instruments  during  an  unusually  severe  magnetic  * 
storm  which  occurred  simultaneously  with  fine  auroras  and 
a  large  group  of  sun-spots.     The  sharply  serrated  curve  of 
Variation  /',  of  Vertical  Intensity  Z,  and  of  Horizontal  Inten- 
sity H — all  attest   the   most  erratic  movement  of  their  re- 
spective magnets;  the  precipitous  peaks  and  deep  hollows  are 
iu  market!  contrast  with  the  nearly  even  lines  beside  them,  in- 
dicative of  the  normal  condition. 

The  magnetic  commotion  began  suddenly  at  12,40  a-in., 
and  while  it  lasted  the  Variation  changed  l"  30',  the  Horiztm- 
tal  Intensity  2^  per  cent  of  its  mean  .strength,  and  "  the  Ver- 
tical Force  decreased  so  much  that  the  sensitively  balanced 
magnet  used  to  record  it  was  upset  at  8  p.m.  of  the  13th.  ami 
its  further  record  lost.  The  auroras  were  seen  at  Washing- 
ton about  2  a.m.  and  7.03  p.m.  of  the  13th,  the  latter  time  be- 
ing markeil  by  an  unusually  disturbed  condition  of  the  mag- 
nets." 

Besides  the  Sun  and  Earth,  already  mentioned  as  possible 
■sources  of  the  electromagnetic  condition  of  the  air  that 
may  be  productive  of  auroral  phenomena,  there  is  another 
source  that  has  received  some  acceptance,  namely,  the  evap- 
oration from  tropical  seas.  While  it  may  be  true  that  the 
mere  conversion  of  the  closely  aggregated  condition  of  parti- 
cles, as  water,  into  the  loosely  diffuse  state,  as  vajxir,  does 
not  give  rise  to  electricity,  still  there  is  nothing  more  firmly 
established  than  that  vapor  docs  excite  it,  and  of  great  power 
and  volume  zvhcn  it  rubs  agantst  solid  particles:  witness,  for  in- 
stance, the  hydro-electric  machines.  And  there  is  nothing 
more  true  than  tha-t  crur  atmosphere  is  often  heavily  charged 
■with  electricity:  it  bursts  forth  in  the  vivid  flash  and  crashing 
thunder-storms  of  tropical  and  temperate  zones,  but  how  is 
the  tension  relieved  in  frigid  ones?  Not  in  violence  and  de- 
struction, but  as  a  gentle,  beautiful  illumination  of  delicate 
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U.  S.  Magnetic  Observatory  at  Washington,  ] 
and  14th,  1892:  it  is  of  special  interest  as  shov 
vior  of  the  instruments  during  an  unusually  se 
storm  which  occurred  simultaneously  with  fin 
a  large  group  of  sun-spots.  Tlie  sharply  sen 
Variation  V,  of  Vertical  Intensity  Z,  and  of  Hoi 
sAy  H — all  attest  the  most  erratic  movemen 
spective  magnets;  the  precipitous  jieaks  ant)  i!- 
in  marked  contrast  with  the  nearly  even  Hne^ 
dicative  of  the  normal  condition. 
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'and  while  it  lasted  the  VariattDn  changed  1 
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is  occupied  by  the  natural  air  at  normal  pressure.  When  the 
machine  is  in  action,  electricity  escapes  from  the  points  P, 
but  no  illumination  takes  place  in  the  space  A — it  gives  no 


Fig.  ig6. 


indication  whatever  that  electromagnetic  waves  are  passing 
through  it;  but  there  are,  and  upon  reaching  the  tubes  T,  they 
light  them  up  in  a  manner  similar  to  the  aurora. 
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tints — the  slow  escape  of  electricity,  as  in  tht 
and  St.  Elmo's  fire. 

It  is  in  the  middle  of  the  day;  during  t' 
year;  and  in  tropical  zones — both  the  timi 
which  the  Sun's  rays  are  most  direct — th.' 
est,  and  the  light  brightest,  and  chemical 
solar  energy  most  productive  of  result 
tense:  would  it  not  be  strange,  then,  if  t 
netic  phase  alone  of  this  energy  lacki 
where  all  else  was  at  its  best?    But  it  -         ':. 
it  arises,  its  greatest  force  is  spent  in 
its  mild  dissipation  is  reserved  for  po- 

The  explanation-  usually  gfiven  ■ 
decay,  is  the  following:  the  particles 
the  upper  currents  of  air  waft  them 
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Liimes,  but  rarely, 

-:  from  the  points  of 
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they  near  these,  they  encounter  cl  -:^^af  above  the  apparatus 
afTord  safe  and  easy  conduit  for  th's:  £Xt  Innioiis  appearance. 
The  hii^her  potential  of  upper  .  :  ir  is  Ae  conductor,  rcin- 
Heved  in*  auroral  displays,  where;     .  r  axcadjr  exists,  and  may 
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:  .md  it  seemed  that  electricity 

■  iiii.  iliis  led  to  rarefied  gases  as  an 

:•   Lxisicncc,  and  hence  some  feat- 

^^  in  vacuum-tubes  will  be  described 

\v  a  doul^t  that  these  phenomena  are 

niu'ura — the  ix)ints  of  resemblance  are 

\\\  iiilimate  relationship. 

.:arj,^e  i)resents  many  phases  of  form,  in- 

:  it  niav  be  concentrated  and  destructive, 

.  blinding  in  brilliancy  or  scarcely  visible 

:u-  .tiiant  induction-coil  tears  the  air  with  a 

■.  >  long,  ramified  from  a  zig-zag  stem,  like  the 

ulc  from  a  i)arent  trunk;  the  terminals  of  a 

■  f.  separated  by  a  few  centimetres,  will  give  a 

.:i-cut,  dazzling  line;  and  the  passing  thunder- 

amuIv  evoke  around  terrestrial  objects  a  soft  deli- 

-an  electric  halo. 

•icntial  between  points  and  the  density  of  the  me- 

ilic  principal  factors  in  determining  the  nature  of 

iuirge:  no  violent  effects  can  be  produced  by  small 

V  cs  of  potential,  any  more  than  the  rippling  brook  can 

L,Meat  water-power;  and  on  the  other  hand,  high  volt- 

mI  great  volume — like  the  fall  of  Niagara — means  stu- 

■  iiis  results.     So  w-ith  the  medium:  its  tenuity  may  so 

■  i\  ajiproach  a  perfect  vacuum,  or  its  density  be  so  great, 

■  in  either  condition,  no  spark,  however  short,  can  be  made 

;>;iss  by  even  the  most  powerful  machines.    The  nature  of 

•  ■  medium,  whether  one  kind  of  gas  or  another,  and  its 

inperature.  together  with  many  minor  conditions,  all  in- 

uMice  the  character  of  the  discharge. 

156.  St.  Elmo's  fire. — When   heavily   charged   thunder- 

'iouds  are  passing  over,  they  induce  an  electrical  condition 

M[)j)osite  to  their  own  in  salient  objects;  from  these  a  slow 

rjischarge  takes  place  with  a  bluish  light  and  faint  crackling 

sound:  such  manifestations  are  known  as  corpo  santo  and  St. 
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Elmo's  fire,  and  are  seen  on  mast-heads,  yard-arms,  and  even 
the  hair,  and  tips  of  the  fingers.  Their  form,  noise,  and 
luminosity  are  identical  with  the  brush  discharge  from  a 
spherical  conductor  of  a  Holtz  machine  in  action:  and  the 
phenomenon  is  really  due  to  a  multitude  of  little  sparks  aris- 
ing between  the  particles  of  air. 

157.  Auroral  pheDomenon  experimentally  produced.— 
By  placing  the  brass  socket  of  an  incandescent  lamp  on  the 
conductor  of  an  electrical  machine  in  action,  the  bulb  be- 
comes a  reservoir  of  electricity:  its  whole  interior  glows  like 
the  body  of  a  fire-fly — a  soft  and  feeble  radiance,  which  dis- 
appears upon  removal  from  the  conductor.  But  it  lights  up 
again  and  again  upon  touching  the  brass  socket  to  the  walls 
or  furniture  of  a  room.  It  is  not  the  carbon  that  becomes  a 
dazzling  thread,  as  when  the  current  is  coursing  through  it— 
the  filament  may  be  broken — but  it  is  the  remaining  particles 
of  air  left  in  the  bulb  after  partial  exhaustion,  that  are  thrown 
into  such  vibration  that  they  become  radiant  of  themselves. 
In  watching  the  fluctuations  of  the  interior  of  such  a  btilb 
"  as  one's  hand  is  moved  over  the  glass,  one  is  forcibly  re- 
minded of  the  streaming  of  the  aurora  borealis,  and  one  can- 
not but  conclude  that  the  wavering  light  of  this  phenomenon 
is  due  lo  the  same  cause — the  slow  discharge  through  rare- 
fied air  of  the  electrical  charge  on  the  condenser  formed  by 
ihe  upper  layers  of  clouds  and  the  lower  strata  of  humid  air." 
(Prof,  Trowbridge,) 

All  experiment  by  de  la  Rive  to  simulate  the  phenomena 
of  the  aurora  will  now  be  described.  Fig.  197  represents  the 
apixiratus  used:  E  is  an  electromagnet  from  which  wnres  J 
M\y\  fi  lead  to  a  source  of  electricity;  upon  it  rests  a  soft-iron 
cylinder  KF,  encased  in  a  glass  tube  which  tube  is  coated  in- 
nidc  and  out  with  shellac,  thus  insulating  the  cylinder,  except 
at  il!t  ends  /■'  and  R:  a  brass  ring  C  encircles  the  lower  part  of 
llu'  lubr;  an  ov.tl  glass  receiver  H  covers  the  cylinder  FR. 
Willi  nie«n»  at  the  top  (or  exhausting  the  air:  the  wire  k  from 
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the  positive  pole  of  a  Holtz  machine  brings  a  current  to  the 
loivcr  end  of  the  soft-iron  cylinder,  and  the  wire  h  establishes 
connection  between  the  negative  pole  and  the  brass  ring. 
Before  rendering  the  electromagnet  £  active,  the  Holtz  ma- 
;hine  is  worked,  and  a  delicate  egg-shaped  glow  will  at  once 


Fio.  197. 


surronnd  the  soft-iron  cylinder  FR,  presenting  the  aspect 
of  a  luminous  stream  issuing  from  the  head  F — permeated 
with  brilhant  streaks — and  falling  upon  the  brass  ring  C  be- 
low. So  far.  the  soft-iron  cylinder  seems  merely  an  interior 
conduit  for  this  exterior  overflow — waves  of  electricity  surg- 
ing through  it.  out  at  the  head,  becoming  luminous  in  the 
rarefied  air  of  the  enclosing  vessel,  and  coursing  toward  the 
brass  ring.  But  now  send  a  current  through  the  electro- 
magnet £:  this  (by  induction)  makes  a  magnet  also  of  the 
cylinder  FR.  and  immediately  this  new  condition  becomes 
manifest  by  the  luminous  oval  form  turning  round  the  cyHn- 
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,  :_.t:  of  the  aurora  turning 
..--- — for  these  phenomena 
~  tost  to  west  as  much  as 

^^-^    i  Titfctrical  flow. — It  has  been 

r-  are  bent  by  the  Earth's 

•   ::s  own  Hnes — that  such 

.•/.jtors    of   electromagnetic 

■.:s:rated  bv  a  vacuum-tube: 

^  ■     :   converts    the    remaining 

.-  ;and  that  mav  be  attracted, 

.rout,  by  a   magnet   waved 

-  .  uminous  oval  shape,  formed 

c   \:;;::i  the  electrodes  of  a  source 

■!  ji  vacuum,  it  is  mostlv  of 

-iic^:  5olid  particles  entering  it 

.,      :    :i;'e.  raised  to  incandescence. 

.  :!'.e  negative  i)ole:  ii  may  be 

"M^e.  and   an   arc   over  eleven 

— e-.l.     Xow  such  an  arc  is  cii- 

;:  .1  magnet:  it  recedes  or  ap- 

.^    Alien   the   magnet    is   strong: 

\*:  r  a  very  powerful  electromai:- 

.-.     .::  right  angles  to  the  length  oi 

-.  ^  c.  J»ra\ving  out  to  ten  times  its 

-^    ',:•:>/>  magnetism  affects  it:  one 

.  •  :!:o  arc  vertical,  it  was  74  mm. 

^  e  A-.is  above,  as  against  5^)  mm. 

•t.  ■  :  *<:  electrodes  are  two  soft-iron 

^  .•  >,xv.  between  them,  it  may  be  en- 

•^^    C'.^rverting  the  electrodes  tliem- 

»   <:•-•/ v.-.ding  each  with  a  helix  and 

.  5^  >   :      7o  establish  the  arc  anew  with 

-o'\vc>,  :h^v  must  be  moved  nearer 
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each  other,  and  then  the  arc  is  changed  in  appearance:  atoms 
are  torn  from  the  pole  and  projected  in  every  direction  with 

a  hissing  sound  like  escaping  steam, 

159.  Character    of    discharge    in    rarefied   gases. —  By 

means  of  an  induction-coil  provided  with  different  kinds  of 
terminals  and  a  suitable  arrangement  for  varying  the  po- 
tential, we  may  produce  three  distinct  phases  of  eleclrical 
discharge  in  air  at  normal  pressure:  the  dazzling  streak  that 
darts  from  one  pole  to  the  other;  the  bright  twig-like  plume 
that  spreads  out  from  the  rounded  head  of  a  conductor;  or 
the  hazy  glow  of  a  continuous  escape  from  a  single  electrode. 
These,  of  more  or  less  intensity  and  size,  are  all,  however,  that 
air  or  gas  at  normal  density  will  admit;  but  where  the  tenuity 
is  as  great  as  the  hundredth,  the  thousandth,  or  the  millionth 
part  of  an  atmosphere,  then  other  and  most  marvelous  forma 
of  discharge  appear. 

^P  The  gradual  transition  in  the  nature  and  appearance  of  a 
discharge,  as  the  medium  becomes  rarer,  may  be  followed 
with  the  apparatus  represented  in  Fig.  198;  it  consists  of  an 
egg-shaped  glass  receiver  having  a  stuffing-box  in  the  top. 
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der  FR  as  an  axis.  It  is  the  parallel  ul  ■  '  *^  ^f^' 
round  the  great  magnet— the  Earth,  m^*^^"^  °*  ^''*" 
have  been  observed  to  move  from  a*'**'^**  ^"°"™ 
20°  an  honr.  -■*  **°  *t°P- 

158.  Action  of  magnets  on  =^1  l  j  other  with 

stated  that  the  auroral  streaii 

magnetism  into   conformity   \:  ^^^^  '*  ™ 

beams    appear   as    flexible' a,....  >  worked  the 

waves:  tliis  phenomena  mav  he  'M_  ~  *^  drawing  out 
an   electric   discharge   th rough  ^  '  ^^^'"  ^g^'  **" 

motes  of  matter  into  a  hinii"i, 
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;r,  leaving  dark  spaces  between:  their  tint 
1  the  kind  of  g^s  pervading  the  tube. 
[  an  air-gap  in  the  circuit,  that  is,  cutting 
I  the  induction-coil  just  outside  the  elec- 
1  little  ball  to  each  cut  end,  so  that  they 
very  short  distance  over  which  the  cur- 
leap  as  a  spark — by  doing  this,  the  column 
Fsensitive  to  the  finger  or  any  other  conduc- 
fords  relief  to  the  strained  state  in  and  around  it. 
lole  phenomenon  of  sensitiveness  is  characterized 
Hicity:  the  alternation  of  luminous  disk  and  dark 
lates  well  the  crest  and  trough  of  a  wave  or  pulse 
Sty  emanating  from  each  electrode;  a  telephone  in 
fVes  their  periodicity,  for  it  gives  a  musical  note — 
3  the  number  of  pulses  per  second,  and  the  pulse  or 
may  take  place  from  one  pole  or  both,  equally,  in- 
(jr,  or  in  any  degree  of  inequality,  and  perhaps  va- 
wfere  and  thus  produce  the  wave  effect.  The  dis- 
Fnot  simultaneous  along  the  tube,  but  progressive, 
"  each  terminal  pours  forth  its  electricity  to  satisfy  its 
3  needs,  and  only  in  a  very  secondary  degree  to  satisfy  the 
s  of  the  other  terminal." 
I  Experiment  leads  to  the  conclusion  that  all  discharges  in 
lefied  gases  are  discontinuous,  or  of  the  nature  of  pulses — 
—whether  artificially  produced  by  an  air-spark  or  not; 
Itlie  fact  that  stria:  are  formed,  lends  support  to  such  a 


I  The  stria  appear  stationary  at  times,  and  at  others  as  a 
fltinuous  flow,  or  a  flow  both  ways,  backward  and  forward- 
Lines  of  stria'  are  acted  upon  by  a  magnet — attracted,  re- 
fled,  and  moved  about — just  as  a  wire  is  that  carries  a  cur- 
ipt;  only,  that  while  the  wire  moves  as  a  whole,  the  stratified 
^mn  has  all  the  mobility  of  its  perfectly  flexible  nature; 
1  more,  each  stria  is  subject  to  varied  deformation  under 
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through  which  a  metal  rod  moves  up  and  di 
tutes  one  electrode  in  communication  with 
tricity,  the  other  being  fixed  in  line  with  it, 
the  vessel  and  connected  to  Earth;  at  the  ^^^ 
cocks,  one  communicating  with  an  air-pu 
a  reservoir  of  any  gas  it  may  be  desired  t : 

At  normal  pressure  in  the  receiver,  i: 
same  as  in  the  exterior  air;  but  as  the    z 
sparks  become  straight,  fuzzy,  and  loi- 
the  upper  rod.    When  the  rarity  read" 
discharge  appears  like  a  glowing  ga 
electrodes,  and  this  may  be  expande> 
receiver  by  continuing  the  exhaust' 
dium  is  then  in  such  condition  that 
troscope,  its  own  distinctive  coto^ 
tamed. 

With  still  greater  tenuity  tl 
stratified    with    mar\'elous    an< 
kinds,  as  if  a  succession  of  wi 
(lark,  were  flowing  from  one 
when  the  highest  vacuum  pos?" 
derful  of  all  phenomena  appea 
But  it  is  with  tubes  at  various  - 
several  phases  of  discharge  ar 
of  glass,  generally  straight,  I 
forms  to  bring  out  the  effc 
size,  from  a  few  inches  t; 
electrodes  are  fuzed  into  tl 
from  some  source — ge 
interior.     Fig.   199  re] 
striiC — some  of  the  n 
thoni   according  to  ' 
pmver:  but  the  most 
pino-cone  whose  se 
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.:^  if  il  were  an  entity  by  itself,  as  well 

:  ctinn  of  a  vertebral  column. 

iui   ..latter. — According  to  the  dynamical  the- 

..   \«Miles  of  matter  in  its  three  states  are  con- 

....   iiid  in  the  gaseous  state,  they  have,  in  ad- 

.  .    !  y  movement — flitting  hither  and  thither — 

i-irm  with  each  other  and  with  the  walls  of 

.^   vessel. 

'•  of  the  gas  is  removed,  the  remainder  has 

■:n  of  motion,  and  when  only  a  few  atoms  arc 

r  >nch  free  path  that  they  scarcely  meet  or  col- 

f  directly  to  and  fro  between  the  sides  of  their 

•■'li.  substantially,  is  the  individualized  condition  of 

-\  vacuum  attained  by  Prof.  Crookes  in  one  of  his 

•'Tc  the  pressure  was  only  the  ooo(i);ooot'^  ^^  *^"  atmos- 

;»ial   to  about  the  one-hundredth  of  an  inch  in  a 

'f  mercury  three  miles  high;  and  it  is  in  this  condition 

itter  exhibits  the  properties  called  radiant.     Before 

"•.f  u,  however — while  there  is  still  an  appreciable  prcs- 

-;j y  ihe  thousandth  of  an  atmosphere — the  tube  presents 

'•base  of  luminosity  and  stratification  already  described; 


Fig.  200. 

•!i:>  phenomenon  apparently  depends  more  on  the  positirc 
..in  on  the  negative  pole:  it  is  shown  in  Fig.  200,  which  is 
Mf  of  the  fantastic  forms  of  tube. 

Here  it  will  be  perceived  that  around  the  negative  elec- 
ir«)de  there  is  a  narrow  dark  space  and  outside  it  a  radial 
aureole,  while  at  the  positive  pole  a  single  bright  *?tar  tips  its 
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point;  in  close  proximity  to  this  the  luminous  siria  begin 
and  extend  through  the  serpentine  neck  joining  the  bulbs. 

It  the  gas  be  nitrogen,  the  aureole  is  violet  and  the  lu- 
niinosilv  elsewhere  of  a  rosy  lint;  if  hydrogen,  the  colors  are 
blue  and  crimson;  if  carbonic  acid,  the  light  is  unusually 
white:  and  if  oxygen,  the  contrast  of  shades  is  not  very  great. 
Now  these  gases  are  all  in  a  rare  state  in  the  tubes;  they  are 
also  in  a  rare  state  in  the  regions  of  our  atmosphere  where  the 
polar  auroras  api)ear:  ihe  same  colors  are  found  in  both  phe- 
nomena; ihey  are  produced  by  electromagnetic  waves  cours- 
ing through  the  tubes — may  not  such  also  be  their  origin  in 
the  atmosphere,  as  heretofore  stated? 

When  the  exhaustion  is  carried  to  its  highest  stage,  the 
aureole  disappears,  the  luminous  stria'  fade  away,  and  dark- 
ness spreads  out  from  the  negative  pole,  as  if  this  were  now  the 
source  of  the  changed  condition  pen^ad.ing  the  tube, 

A  stream  of  eleclrifiet!  molecules  pour  out  tionnally  from 
the  HCgatiz'c  pole — they  neither  collide  nor  meet  with  obstacle 
in  their  path — and  so  proceed  on  through  darkness  to  the 
glass  boundary  which  Ihey  light  up  with  beautiful  phosphor- 
escent and  fluorescent  effects.  If  gem  or  jewel — ruby,  dia- 
niond  or  sapphire — be  placed  in  their  direct  course,  they  will 
blaze  with  a  brilliance  never  seen  in  other  conditions.  But  if 
a  sheet  of  mica,  cut  to  any  cotitour.  be  interposed,  it  arrests 
iheir  flow,  becomes  electrified  itself,  ami  casts  its  exact 
shadow  on  the  glass.  The  bombardment  of  the  sides  of  the 
vessel  produces  a  sound  whose  pitch  is  that  proper  to  the  in- 
Icrmittence'in  the  current,  by  the  air-gap. 

A  little  wind-mill  in  their  path  will  be  set  in  motii 
wherever  they  strike,  heat  will  be  generated:  and  their  din 
course  may  be  bent  in  any  way  by  a  magnet.  The  sound,  the 
heat,  the  phosphorescent  glow,  even  the  mechanical  move- 
nicut  are  all  beautiful  illustrations  of  the  varied  transmuta- 
tions of  electrical  energy  into  vibratory,  undulatorj-.  and 
irauilalriry  motion  of  such  nature  as  to  affect  our  senses. 
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While  it  is  true  that  -the  molecules  of  gas  remaining  in 
^the  tube  produce  these  effects,  still  there  must  be  waves — a 
propagation   of   motion,   resulting   from   the  discharge;     for 
vacuum-tubes  will  light  up  and  glow  without  any  internal 
electrodes,  or  when  merely  brought  within  the  confines  of  a 
changing  electrical  field:   and  also,  the  molecular  discharge 
will  not  pass  through  glass,  mica,  or  any  transparent  sub- 
stance, whereas,  if  a  vielal  window,  say  of  aluminum,  be  in- 
serted in  a  tube,  the  effects  of  the  discharge  in  it  can  pass 
through  such  window  and  be  experienced  in  the  outer  air 
where  the  phenomenon  cannot  at  all  be  originated.     Now  it 
is  inconceivable  that  the  electrified  particks  of  the  gas  pass 
through  the  niclal  window,  so  that  it  must  be  iiwlioii  that  is 
Ltransmitted.  as  sound  is  through  a  wall,  and  this  motion  must 
lave  arisen  concurrently  with  the  discharge  of  the  atoms  of 
^s  from  "the  negative  pole.     It  is  another  point  in  favor  of 
[the  general  view  taken  in  this  Treatise — that  electricity  Is 
lue  to  motion,  as  heat  and  light  are — to  a  wave  of  the  ether. 
The  corpuscles  thus   charged    with   electricity — radiant 
Finatter,  as  they  are  called — -will  not  turn  a  corner:    this  is 
'  shown  by  means  of  a  V-shaped  tube  having  a  pole  al  each 
upper  extremity;    when  the  discharge  is  from  the  negative 
pole  of  the  right-hand  branch,   this  is  flooded   with   green 
light  which  stops  short  at  the  apex  and  wili  not  enter  the  left 
arm;    and  when  the'  current  is  reversed,  the  left  arm  which 
now  has  .the  negative  pole,  grows  luminous,  while  the  right 
remains  dark.     This  property  of  movement  in  straight  lines, 
as  well  as 'the  effect  of  pressure  of  gas  on  the  course  of  the 
discharge,  is  further  illustrated  by  Fig.  201:   the  two  vessels 
are  identical  in  size,  form,  and  arrangement  of  electrodes;   in 
one.  marked  A,  the  pressure  is  e(|ual  lo  a  few  millimetres  of 
mercury,  and  in  the  other,  B,  only  the  millionth  of  an  at- 
mosphere: in  the  first,  luminous  hands  appear — in  the  last, 
only  radiant  phenomena;   in  the  first.  A.  a  line  of  violet  light 
issues  from  the  negative  pole  ( — )  and  bends  toward  the  posi- 
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live  pole,  wherever  that  may  be — at  the  top,  bottom,  or  side;  ] 
while  in  the  last,  B,  the  radiant  matter  is  shot  directly  out 
from  every  part  of  the  saucer-shaped  negative  pole,  and  con- 


tinues straight  on  to  the  opposite  side  of  the  glass,  regardless 
of  the  position  of  the  positive  pole. 

Thai  an  obstade  in  its  path  should  cast  a  shadow  is  a 
direct  consequence  of  this  fact,  which  may  be  explicitly 
stated  thus:  that  "  radiant  matter  comes  from  the  pole  in 
straight  lines  and  does  not  merely  permeate  all  parts  of  the 
tube  and  fill  it  with  light,  as  would  be  the  case  were  the  ex- 
haustion less  good." 


To  show  the  ability  of  radiant  matter  to  produce  mechan- 
ical motion,  the  tube  represented  in  Fig,  202  is  used:  its 
essential  feature  is  a  little  glass  railway  upon  which  a  light 
wheel  rolls;  the  poles  are  so  placed  that  whichever  one  is 
made  negative,  the  particles  of  matter  dart  from  it  and  strike 
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the  mica  paddles,  causing  the  wheel  to  travel  along  the  rails; 
by  reversing  the  poles,  the  wheei  is  stopped  and  sent  the 
other  way;  and  if  the  tube  be  gently  inclined,  the  wheel  is 
actually  driven  up-hill. 

This  is  the  outward  stream,  but  there  is  a  return — of  posi- 
tively charged  motes — as  may  be  proven  by  drawing  the 
little  railway  out  of  the  direct  flow,  toward  the  walls  of  the 
tube,  when  the  wheel  will  roll  in  the  opposite  direction  under 
the  influence  of  a  counter-current. 

To  form  the  direct  stream,  the  particles  individually 
come  in  contact  with  the  negative  electrode,  become  charged 
with  its  electricity,  and  are  thereby  shot  off — repelled  from  its 


surface:  like  the  projectile  from  a  gun,  they  should  cause 
recoil  in  the  electrode — if  moveable — and  they  do.  Fig.  203 
shows  the  means  by  which  it  is  accomplished:  it  consists  of 
a  fly-wheel  formed  of  four  radii  with  aluminum  disks  coated 
on  one  side  with  mica;  it  is  pivoted  on  a  steel  point  that  has 
metallic  communication  through  the  lower  part  of  the  vessel 
with  an  induction-coil,  so  that  the  moveable  fly-wheel  thus 
becomes  the  negative  pole,  the  positive  being  in  the  top  of 
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the  vessel-  When  the  pressure  equals  that  of  a  few  milli- 
metres  of  niertiiry.  and  with  the  coil  in  action,  "  a  halo  of 
\e)v«ty  violci  light  forms  on  the  melalHc  side  of  ihe  vanes, 
the  mica  sides  remaining  <lark  ";  as  the  pressure  lessens,  a 
*lark  s|>aci;  separates  the  violet  halo  from  the  metal — it  en- 
hiixvs  aihl  rotation  of  the  wheel  begins:  the  darkness  reaches 
ihe  glass  ami  the  rotation  becomes  very  rapid. 

A  niapnet  has  complete  sway  over  a  band  of  radiant  mat- 
ter, whether  in  moderately  high  or  verj-  high  vacua.  In  Fig. 
AH  &  line  of  phosphorescent  light  issues  from  the  pole  into 


\ 


? 


the  highest  vacuum  and  would  proceed  straight  on,  but  is 
vlr«un  (h>wn  by  a  powerful  magnet  and  »-aved  about  like  a 
lt9.\ible  wutid  as  the  magnet  is  moved  to  and  fro. 


Itt  Fij[.  J05  the  %-acunra  is  rooderateh-  high,  and  the  line 
ui  vii.»M  Uslit  extends  from  end  to  end  of  the  tube,  with  a 
kH)Utt  Ovkw«)waril  to  a  nw^:net  pole,  which,  however,  would  be 
l^vWAtvl  ii  ihe  lather  p*>le  wrrc  presented. 

VH«  vhrtVreive  betv\Y«n  the  lwx>  oases  itlosiiated  by  Figs. 
itf^  A»U  -V5  Nh'^'hl  !<  noted:  m  the  former,  the  radiant 
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Stream  continues  in  its  defected  direction — in  the  latter,  it  rises 
and  pursues  the  straight  line  again:  this  is  due  to  difference  of 
vacua.  Indeed  the  action  of  a  magnet  on  this  luminous  elec- 
tric discharge  is  so  decided  that  it  facilitates  the  discharge 
when  this  is  parallel  to  the  lines  of  magnetic  force,  but  re- 
tards it  when  at  right  angles  thereto. 

Fig.  206  beautifully  illustrates  magnetic  action  upon  this 


line  of  apparently  intangible  light,  which,  however,  behaves 
as  if  made  up  of  glowing  pellets  of  iron:  a  light  paddle-wheel 
is  delicately  supported  hy  its  axle  in  sockets,  and  protected  by 
a  screen  from  the  direct  course  of  the  radiant  stream;  when 
one  pote  of  a  magnet  is  brought  down  upon  the  tube,  it  at- 
tracts the  stream  which  strikes  the  paddles  and  causes  rapid 
rotation  as  of  an  overshot  wheel:  wlien  the  other  pole  is 
presented,  the  stream  is  repelled,  and  there  is  rotation  as  of 
an  undershot  wheel. 

In  order  to  determine  whether  these  beams  extending  in 
moderately  high  vacua  from  pole  to  pole  are  of  the  nature 
of  wires  carrying  currents,  or  merely  built  up  of  electrified 
particles,  the  experiment  illustrated  by  Fig.  207  is  per- 
formed: there  are  two  negative  terminals  a  and  b  fuzed  into 
one  end  of  the  tube  and  one  positive  terminal  into  the  other 
end. 
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This  enables  either  two  streams  to  be  sent  side*  by  s 

or  only  one,  by  severing  one  of  the  negative  connections. 

If  the  streams  carry  an  electric  current  they  will  behj 


like  wires  doing  the  same,  ant!  attract  each  other:  but  if  they 
are  simply  composed  of  negatively  electrified  particles,  tliey  will 
mutually  repel.  "  The  upper  negative  pole,  a.  was  first  con- 
nected to  the  coil,  and  the  ray  was  seen  shooting  along  ihe 
line  df;  the  lower  negative  pole,  b,  was  then  brought  into 
play,  and  another  line  ch  darted  along:  instantly,  the- first  line 
sprang  up  from  its  first  position  df  Xotdg,  showing  that  it  was 
repelled,  and  the  lower  line  was  deflected  downward."  There 
was  mutual  repulsion  of  the  beams,  and  therefore  they  are 
built  up  of  similarly  electrified  particles. 

If  stopped  in  their  flif^ht,  the  motion  of  translation  of 
these  particles,  like  that  of  a  cannon-ball,  is  converted  into 
vibratory  motion  both  of  themselves  and  of  the  panicles  at 
the  point  of  impact,  and  the  result  is  intense  heat.  This  is 
shown  by  Fig.  208:  the  negative  pole  consists  of  a  spherical 
shell  such  that  lines  drawn  normally  from  its  interior  surface 
converge  to  a  point  at  the  middle  of  the  glass  bulb,  where 
a  piece  of  iridio-piatinum  is  supported  by  a  wire. 

By  turning  en  the  induction-coil  slightly,  the  electrified 
particles  shower  from  all  parts  of  the  negative  polar  shell  into 
its  focus,  raising  the  metal  there  to  a  white  heat. 

On  approaching  a  magnet  to  this  concentrated  fire,  il 
will  draw  it  aside,  or  spread  it  out,  or  drive  it  down  so  that 
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the  metal  is  no  longer  luminous.    Withdrawing  the  magnet 
entirely,  however,  the  bombardment  is  again  directed  upon 


the  metal  and  it  becomes  white  hot;  and  now  on  increasing 

the  current,  the  iridio-platinum  glows  with  almost  insupport- 
able brilliancy,  and  finally  melts.  All  the  preceding  experi- 
ments on  radiant  matter  are  due  to  Prof.  Crookes,  quoted 
in  Gordon's  Electricity  and  Magnetism. 

But  the  phenomena  of  electrical  discharges  in  rarefied 
gas  lead  to  a  much  more  important  goal  than  their  similitude 
to  aurora]  tints,  which  was  the  chief  object  of  this  section: 
they  lead,  in  the  cathode  rays,  to  a  consideration  of  the  ulti- 
mate condition  of  matter.  These  rays  are  either  waves  in 
the  ether — mere  motion — or  they  are  composed  of  material 
particles;  and  the  experiments  just  described  indicate  that 
they  are  both — particles,  while  coursing  through  the  tube 
from  the  cathode,  and  waves  outside  the  aluminum  window 
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incn  waicfi  they  beat  and  produce  the  motion 
jcT^rmi  a*  waves  of  ether,  just  as  a  heavy  body 
:  or  ^Hfcs!'  x  inZ  ^t^nes  rise  to  waves  of  air  around  it. 

Tx  jisrrcies  n  the  cathode  ray  are  concdved  to  be  the 

— :T7:rfaZ  rrrrcscies  of  matter  to  which  the  name  ions  is 

--i^.     ^^^^  Ji^  ^^^  atoms  of  the  particular  g^  pervading 

v-^  :n.:x  ifter  porrial  exhaastion.  but  matter  in  more  minute 

-:;:\,:' ^iscc — Smaller  even  than  the  atoms  of  hydrogen;  and 

.  V.  :  :  ror^e-i  wirh  a  detimte  quantity  of  electricity,  which, 

•V  ^v::^  :ir    s^  3CC  the  same  for  all.  so  that  there  are  varieties 

.   -'t  ::nciig  the  icns, 

-  ::*n:rrtiore.  it  is  conceived  that  the  chemical  elements 

.;-    ?!,iv:e  J?  or  rhese  ions,  and  that  the  difference  in  the  ele- 

:*^*?-.^ — .::Te  itscncdve  properties  of  zinc,  mercury  and  oxy- 

^^•!.   cr  example — arises  from  varied  number  and  grouping 

•*v    :!t'?K*'^!tc  ions. 

>vsv^T  ■>  :>e  :renJ  of  present  thought,  based  chiefly  on  the 
tx^  :^    »  N^cccr-.::::  Analysis,  as  set  forth  in  a  former  section 

•v     .1  -cv-  ^'ouping  of  the  ions  to  form  the  elenientan 
^.    -.  . wx    r  Miv.re.  has  been  illustrated  by  a  multitude  oi 
.   ■    ^-..i      -rac-'ers.  slightly  dissimilar,  to  represent  ions  of 
.     .;    ^M»  UV-:  electrical  charge.     These  magnets  were 
.  .   .  ,,,    >i  ?.<"'^  ."'-  corks  so  as  to  float  in  water:   when  three 
..  s       sLC\>       vi-'-erenrly  in  the  water,  with   a  controlling 
..;^  V     ^^^^  c    /^c>  took  up  position  at  the  angles  of  a  tri- 
^v      I'v.:   '\ac\\:  in  the  water,  rested  at  the  corners  of  a 
x^..,  V      i.Ki    -^c  a:  rhe  angles  of  a  pentagon.     When  six 
...  V    N.-.w^    i^  ' ,r*c.om  in  the  water,  and  the  controlling  pole 
X  .s     *»«c   vv.'v  '/*o  ctMiter,  and  the  five  others  grouped  into 
•^  ..  ...^^:i   .^:  A  iH-nragon  about  this;   with  eight,  two  took 
X     .vx.c  i  fv"  "^v  ''^^^  encircling  group,  and  this  arrangement 
o  x^Nici^'.v    at^  inner  and  outer — continued  up  to  eigh- 

..   ;.^v*;^*^^^    ^'■•^''*  ''"^'  ^'^^^^  ^^^^  ^^^^^  systems — an  inner, 
s.v^.v.  i'^»  -^-^^^'  •   ^'''"  *'^  "^^^^  larger  number  of  magnets,  four 
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systems,  and  so  on.    For  example,  several  combinations  are 
shown  in  {A),  (B),  (C),  (D),  and  (£),  Fig.  209,  and  one  of 


I 
I 
I 
I 
I 


W  (^)  {C) 

5  =  6  2;6  =  8  3;   8  =  11 

9=  15  2;  8;   10  =  20  3;   7;    10=20 
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these — (B) — is  illustrated  by  Fig.  210:    the  number  follow- 
ing the  sign  of  equality  (=)  denotes  the  total  number  of 
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magnets  in  the  combination,  and  those  preceding  the  sign, 
the  number  of  systems  and  the  number  of  magnets  in  each 
system;  thus,  in  (5),  2;  7;  12;  14  =  35,  means  that  there  were 
35  magnets  in  all  in  the  water,  two  in  the  inside  group,  seven 
in  the  next,  twelve  in  the  third,  and  fourteen  in  the  outside 
configuration. 
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Section  Four :  Coincidence  of  Sun-spots,  Auroras,  Magnetic 
Storms,  Telluric  Currents,  and  Telegraphic  Interruption. 

l6i.  Wlietlier  the  plienoiiiena  described  in  this  Chapi 
have  such  mutua!  connection  and  dependence  thai  one  gives 
rise  to  another,  or  whether  all  are  due  to  some  primary  physi- 
cal cause,  are  questions  that  are  yet  debatable;  and  many 
plausible  arguments  are  advanced  by  those  entertaining  dif- 
fering views  on  the  subject:  but  the  fact  is  lieyond  dispute. 
that  however  many  instances  may  be  cited  of  one  of  them 
having  occurred  independently  of  the  others,  still  there  are 
numerous  striking  coiiiciilaices  of  two  or  more,  and  this  re- 
moves the  matter  beyond  the  accusation  of  mere  chance.  It 
is  evidence  of  a  posilive  nature  extending  over  many  years 
and  throughout  the  globe,  and  is  worthy  of  more  considera- 
tion than  the  mere  negative  kind  that  the  phenomena  have 
been  observed  separately. 

Some  of  the  most  notable  coincidences  will  now  be 
cited,  after  a  few  words  on  the  nature  of  telluric  currents. 

162.  Telluric  currents.— That  our  atmosphere  has  peri- 
odic convulsions  with  blinding  electrical  displays,  is  a  matter 
of  common  knowledge:  they  upset  telegraphic  operations; 
the  heavily  charged  masses  of  air  induce  currents  in  the  wires 
as  they  sweep  over  them,  just  as  any  other  changing  elec- 
trical field  wonld.  They  are  either  -counter-currents  to  the 
regular  battery  supply,  or  more  current  than  is  manageable. 
and  in  either  case  create  disorder. 

This  disorder  also  comes  from  another  source,  and  thus 
we  have  to  distinguish  between  two  kinds  of  earth-currents — 
those  that  arise  with  the  passing  storm  and  have  only  its  evan- 
escent existence;  and  those  that  are  due  to  a  difference  of 
potential  at  two  points  of  the  Earth — ^that  vary  in  direction 
and  strength,  but  are  ever  present  in  some  degree — that 
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have  no  kinship  with  meieorologicaJ  disturbances,  but  are 
most  powerful  and  erratic  even  during  the  appearance  of  an 
aurora. 

It  is  of  these  latter  currents  we  shall  treat.  They  belong  to 
the  crust  of  the  Earth,  and  were  first  noticed  during  tlie  aurora 
of  Oct.  28,  1S48,  by  their  interruption  of  telegraphic  commnm- 
cation.  They  have  since  been  the  subject  of  enquiry  by 
numerous  observers  in  divers  cotintries.  who  have  conducted 
experiments  on  telegraphic  lines  leading  to  every  point  of 
the  compass.  The  results  are  too  various  to  classify  in  a  tew 
categories  as  to  direction,  but  their  characteristics  in  widely 
separated  localities  arc  so  accordant  that  they  are  at  once 
seen  to  be  general  phenomena.  They  can  set  a  telegraph 
call-bell  ringing,  throw  the  mechanism  out  of  gear,  and  even 
be  a  source  of  personal  danger. 

The  essential  mode  of  observing  them  is  to  insert  the 
ends  of  a  very  long  insulated  wire  in  the  ground  (as  is  prac- 
tically the  case  with  telegraph  lines)  and  place  a  galvanom- 
eter in  circuit:  when  the  two  points  of  contact  with  the 
Earth  are  at  different  potentials,  a  current  will  pass,  whose 
strength  and  direction  will  be  indicated  by  a  deflection  of  the 
needle.  If  one  end  of  the  wire  be  taken  out  of  the  ground, 
of  course  no  terrestrial  current  can  enter  it;  whereas,  if  the 
current  be  due  to  influence — as  of  a  passing  electriiied  cloud, 
— the  current  becomes  stronger  at  the  other  end,  having  only 
that  to  discharge  from. 

True  telluric  currents  may  be  due  to  the  changing  field 
of  terrestrial  magnetism;  they  may  be  the  flow  through 
Earth  of  the  auroral  flush  in  air.  or  the  latter  may  be  the 
reflex  of  the  former:  all  these  explanations  are  made.  If 
they  are  considered  composed  of  two  general  streams — one 
with  the  parallels  and  the  other  with  the  meridians — the  re- 
sultant, that  is,  the  actual  system  experienced,  would  suffice 
to  explain  the  directive  force  of  the  Earth  on  the  magnetic 
needle — that  is,  terrestrial  magnetism;  and  the  unequal  flue- 
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tuations  of  both  systems  of  currents  would  then  account  lor  1 
the  periodic  changes  in  the  magnetic  elements, 

163.  The  currents  and  magnetism  of  the  Earth  connected, 
— The  classification  of  various  natural  phenomena  ajid  plac- 
ing   them    side    by    side    to    note    tlieir    coincidence — iheir 
rhythmic  occurrence,  and  thus  infer  their  connection  andJ 
cause — has  been  a  favorite  practice  of  inquiring  minds  fori 
ages. 

A  recent  writer  lias  said:  "There  is  one  potent  cause 
which  for  a  large  part  rules  all  meteorological  and  magnetical 
phenomena  and  influences  them  in  a  similar  way  nearly 
simultaneously."  To  substantiate  this  statement,  he  traces 
side  by  side  for  the  same  general  locality — Holland — the 
curves  of  Temperature  for  fifty  years,  of  Horizontal  Mag- 
netic Intensity  for  thirty-three  years,  of  Vertical  Intensity  for 
thirty  years,  of  Variation.  Rainfall,  and  Barometric  Pressure, 
each  for  a  certain  number  of  years,  and  all  covering  more  or 
less  the  same  period  of  time. 

A  succession  of  maxima  and  minima  characterize  all  the« 
curves,  which  occur  with  much  simultaneity  of  time,  espe- 
cially in  the  cases  of  Temperature.  Horizontal  and  Vertical 
Intensity:  for  the  whole  period,  there  is  a  steady  creeping  up 
in  these  three  quantities  from  January  to  the  middle  of  July, 
when  a  level  occurs  until  the  middle  of  August,  and  then  a 
vapid  descent  lakes  place  until  January. 

Whatever  the  "one  potent  cause"  of  all,  it  does  not 
afTccl  them  equally — some  are  more  sensitive  than  others, 
so  that  their  lluctuations  are  more  extreme  and  also  more 
quick  to  occur  than  others,  which  seem  sluggish  and  lag  be- 
liind:  but.  as  a  general  rule,  a  maximum  or  a  minimum  in 
one  has  a  corresponding  feature  in  each  of  the  others  at  the 
same  time  and  place,  even  over  the  extent  of  a  continent. 

It  is  the  pur(K>se  in  this  Section  to  adduce  coincidences 
of  only  -Mich  phenomena  as  bear  directly  upon  disturbances 
o(  iimnuctic  needles — the  Compass,  in  particular. 
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From  the  Magnetic  Observatory  near  Paris  three  special 
ines  of  telegraph  have  been  laid  for  observation  of  the  cur- 
rents jointly  with  magnetic  changes:  one  runs  north  and 
south,  one  east  and  west  ^both  ten  miles  long),  and  the  third 
3  closed  circuit  of  two  and  one-half  miles  diameter;  on  each 
Jine  a  galvanometer  is  placed  in  circuit,  and  its  indications  are 
"ecorded  by  photography  like  that  of  the  magnetographs. 
Comparison  of  both  phenomena  shows  complete  identity 
\i  the  curve  of  Horizontal  Intensity  with  that  of  a  current 
rem  east  to  west;  the  Dip  and  a  north  and  south  current  are 
Jess  accordant,  sometimes  agreeing  and  again  conflicting, 
while  llie  perturbations  are  of  the  same  extent;  though  in 
genera!  a  current  from  north  to  south  corresponds  with  an 
increase  of  Dip,  and  conversely.  The  currents  often  precede 
ihe  magnetic  changes  by  two  or  three  minutes  (which  fact 
also  found  to  be  the  case  in  England  and  Russia),  and 
pgain  their  simultaneity  is  often  perfect.  Thus  the  direct  con- 
nection of  telluric  currents  and  terrestrial  magnetism  is  es- 
tablished; incidentally,  it  will  receive  further  confirmation  as 
we  proceed  to  extend  the  kinship  of  both  to  auroras. 

164.  Connection  of  auroras,  earth-currents,  magnetic 
^turbances,  and  telegraphic  disorder. — The  Earth  and  its 
itmosphere  have  been  compared  to  an  induction-coil — telluric 
;urrents  being  the  primary  cause  of  which  the  auroras  are  the 
econdary  effects;  for  electrical  movements  occur  in  the  upper 
trata  of  air  when 'these  currents  undergo  rapid  variation. 

This  was  illustrated  by  the  great  aurora  of  September  ist 
and  2d.  1859,  visible  all  over  the  American  Continent,  and 
which  daylight  alone,  no  doubt,  prevented  being  seen  in  Eu- 
.fOpe.  where  the  following,  remarkable  disorder  in  telegraphy 
IS  caused  by  earth-currents  coiiicidetitly  with  the  auroral 
play  elsewhere:  "  At  all  the  telegraphic  stations  in  France 
service  was  impeded  during  the  whole  of  September  2d, 
especially  at  two  periods  of  the  day,  from  4.30  a.m.  to  9 
,  and  from  noon  to  3  p.m.     These  two  periods  were  the 
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same  at  all  stations,  and  the  neatest  disturbances  took  plao 
exactly  at  the  same  hours,  at  7  a.m.  and  2  p.m.  The  phenom^ 
enon  consisted  in  a  current  producing  continuous  attractioa^ 
of  the  armatures  of  the  electromagnets:  a  galvanometer  intro- 
duced into  the  circuit  showed  that  the  current  changed  its 
direction  at  varying  intervals  of  time,  of  at  least  two  minutes' 
duration.  Towards  7  a.m.  and  2  p.m.  these  currents  \ 
strong  that  when  the  wire  was  isolated,  and  a  conducting 
substance  presented  to  it,  it  gave  d(T  vivid  sparks.  The  cur- 
rents manifested  themselves  in  all  directions;  they 
however,  to  have  been  more  marked  on  the  lines  which  went 
from  north  to  south.  The  longest  wires  always  showed 
the  greatest  disturbances."  (Blavier.)  "The  same  day  tel- 
luric currents  were  also  observed  in  the  greater  part  of  thi 
two  hemispheres,  in  Switzerland,  in  Germany,  in  the  British 
Isles,  in  North  America,  and  throughout  Australia,  In  the 
United  States,  in  particular,  they  were  so  strong  that  . 
about  two  hours  it  was  possible  to  send  messages  from  Bos- 
ton to  Portland,  and  vice  versa,  without  any  battery,  usinjp 
only  the  telluric  current."  (Angot.)  And  again:  "  On  May. 
30,  18G9,  during  the  aurora  borealis,  which  was  visible  from  7 
to  9  p.m.,  it  was  observed  that  out  of  the  sixteen  lines  which 
terminated  in  the  telegraph  office  at  Basle,  six  were  almost 
useless  during  the  two  hours  that  tlie  plienomenon  lasted;  on 
the  others  the  telluric  currents  were  not  strong  enough  ati^ 
soluteiy  to  interrupt  communication. 

"  Similar  coincidences  were  also  observed  during  the 
auroras  of  April  5,  and  October  24,  1870;  and  the  telluric  cur- 
rents attained  an  extraordinarj'  development  during  the 
aurora  of  February  4.  1872,  which  was  one  of  the  most  ex- 
tensive known:  it  was  seen  in  the  whole  of  the  west  of  Asia^  | 
in  the  north  of  Africa,  throughout  Europe,  and  on  the  At- 
lantic as  far  as  Florida  and  Greenland:  at  the  same  tini 
aurora  was  observed  in  part  of  the  southern  hemisphere.  The 
disturbances  in  telegraphic  communication  were  not  less  ex- 
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tensive,  and  were  observed  with  great  care  in  great  part  of 
Europe.     In  Paris  they  began  on  the  lines  directed  east- 
ward, those  to  Germany  and  Austria,  then  on  that  to  Switz-    J 
erland.     In  Germany  all  the  lines  were  affected,  and  com-    J 
munication  was  for  a  long  time  impossible  between  Cologne     , 
and  London;  in  that  country  the  most  marked  perturbations    v 
were  observed  on   the   lines  directed  east   and   southeast,    i 
These  currents  were  also  observed  in  Italy  and  in  Turkey,     ] 
At  the  same  time  many  of  the  submarine  cables  were  so  af-     | 
fected  as  to  prevent  the  transmission  of  any  messages;  the    | 
disturbance  was  especially  marked  on  the  line  from  Lisbon 
to  Gibraltar,  on  ihe  Mediterranean  cable,  on  the  line  from 
Suez  to  Aden,  and  from  Aden  to  Bombay,  and  finally  along 
the  transatlantic  cable  from  Brest  to  Duxbury. 

"  Lastly,  during  the  great  aurora  of  November  17,  1882, 
the  telluric  currents  observed  in  England  were,  according  to 
Preece,  five  times  as  strong  as  the  current  usually  employed     1 
in  telegraphy.     Communication  was  interrupted  as  long  as    J 
the  disturbance  lasted."  (.\ngot.)  1 

This  testimony  of  observers  of  the  phenomena  is  explicit  , 
as  to  the  intimate  connection  of  auroras,  earth-currents,  and  ] 
telegraphic  circuits.  I 

To  extend  the  relationship  to  the  magnetic  elements  is    I 
but  a  step — merely  to  recall  their  joint  variation  with  telluric    | 
currents;  or,  to  state  the  matter  as  it  probably  exists,  the  phe- 
nomenon  we  call  terrestrial  niagnelism  is  due  to  currents  in 
the  Earth,  and  the  ftiictuatioii  of  these  gives  rise  to  two  sep-     ' 
arate  phenomena;  first,  differences  of  potential  which  become 
manifest    in    wires    as    electrical    currents,    and,    secondly, 
changes  in  the  magnetic  elements,  as  indicated  by  the  move-     1 
ment  of  needles  arranged  to  show  Variation,  Dip,  and  In- 
tensity- 
Then  while  the  primary  currents  flow  gently  on.  like  the 
smooth  river  following  only  the  natural  depths  and  shallows 
of  its  bed  or  the  sinuosities  of  the  banks,  there  will  be  but  the 
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Domul  t~ariability  of  currents  in  the  wire  and  small  movM 
ment  of  the  magnetic  needles;  but,  as  when  the  river  tumble 
over  rocks  and  boulders  its  water  is  broken  into  foaming 
S|>ray  and  swirling  eddies,  so  the  wire  currents  and  raagnelic 
elements  show  erratic  and  wild  movement  when  iheir  source 
is  greatly  disturbed. 

Such  a  period  covered  the  last  days  of  August  and  ihe 
first  days  of  September  of  the  year  1859,  celebrated  not  only 
for  a  great  aurora,  widespread  telegraphic  interruption,  and 
strong  earth-currents,  but  also  for  the  most  violent  magnetic 
$torm  ever  known  and  which  was  experienced  all  over  thej 
iftt>rld.    "  At  Melbourne.  Australia,  the  great  aurora  of  Aofl 
gust  J9.  11*59.  "as  accompanied  by  violent  magnetic  pertul^ 
bations,  1*  9'  in  the  Variation,  and  by  interrupted  telegraphic 
(.vtiintunicalion;  now  these  disturbances  preceded  the  aurora. 
which  only  appeared  at  the  moment  when  the  telegraphic 
COitiuitmication  began  to  improve,"  (Angot.)     And  all  ifai 
witlu^ut  any  very  unusual  atmospheric  disturbance  in  the  H 
Kftlitiv^  magnetically  affected. 

U  was  at  Upsala  in  1741  that  irregularity  of  the  Var 
lk>ll  was  first  observed  during  an  aurora:  and  in  the  followia 
ti.\  wars,  forty-six  examples  of  such  coincident  disturbance 
W«»«  in'lc<l.  It  was  subsequently  observed  that  the  Dip,  a 
ftiutll.v  the  Intensity,  shared  the  disturbance  during  auronJ 
Ut»)'luy«'  A'hI  these  facts  have  since  been  abundantly  ve| 
lU'd  b.v  A  host  of  observers  throughout  the  globe. 

Olwri'valioii  has  brought  out  other  facts:  that,  with  \ 
UW  tfJiCcplioiis,  ihc  center  of  the  auroral  crown  coincides  witi 
khv  tniniliclic  zenith:  and  that  the  magnetic  disturbance  a 
Uli,*»l  UlVilviiibly  precedes  the  aurora  when  not  simultaneoi 
%UK  II      This  would  lend  support  to  the  theory  that  violent 

iDVH  \\\  tvrrcstria!  magnetism  is  one  cause  of  the  aurora 
I  UtHijnelic  association  founded  by  Gauss  and  Weber  in  ' 

L  UMI  Uip  stations  organized  by  Sabine  in  a  certain  num- 
I^IHmlUll  colonies,  greatly  increased  the  number  of  ex- 
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nples  of  coincidence  between  the  polar  auroras  and  per- 
L  turbations  in  the  three  elements  of  terrestrial  magnetism. 
"  But  they  also  testify  to  the  complexity  of  the  question.    For 
though  the  great  magnelic  perturbations,  which  occur  simul- 
taneously in  the  two  hemispheres,  seem  to  be  always  accom- 
panied l)y  very  extensive  auroras,  this  is  not  the  case  with 
more  ordinary  disturbances.     These  often  appear  to  be  due 
Iff  local  causes;  they  are  not  noticed  at  tlie  same  time  in  the 
two  hemispheres,  or,  in  the  same  hemisphere,  are  not  ntani- 
fested  at  the  same  time  in  Europe  and  America.   .  .  .  The 
motionless  arcs  and  faint  auroras,  or  those  with  slow  move- 
ments, are  generally  unaccompanied  by  the  slightest  agita- 
tion of  the  magnetic  needle;  magnetic  perturbation  is,  on  the 
contrary,  very  marked  during  auroras  with  distinct  outlines, 
and  those  which  present  luminous  rays  of  a  defined  character 
and  rapid-  movements;  the  greatest  deviations  of  the  Com- 
pass correspond  to  the  appearance  of  great  rays,  colored  red 
and  green,  which  flash  suddenly,  like  lightning.   .  .  .   Dur- 
ing the  expedition  of  the  Polaris,  Bessels  noted  a  change  in 
the  Variation  of  12°  on  February  4,  1872.  a  tittle  before  the 
appearance  of  the  great  aurora  of  that  day;  he  remarked, 
^'moreover,  that  on  that  occasion  tlie  magnetic  disturbance 
H|>recede<l  the  aurora  by  about  six  hours."  (Angot.) 
B       165.  Connection  of  son-spots,  solar  outbursts,  magnetic 
Bdisturbances,  and  auroras. — A  distinction  must  be  made  be- 
pBtween   quiet   sun-spots   and   those   accompanied   by   violent 
eruptions;  the  latter  are  easily  recognized  by  the  spectro- 
scope, and  are  alone  related  to  the  Aurora.    The  following  is 
an  instance  of  all  three— sun-spots,  eruption,  and  aurora,  oc- 
^^curring  together;  the  writer  is  treating  of  sun-s/'ols  alone, 
Hand  then  goes  on: 

m  "  At  times,  though  very  rarely,  a  different  phenomenon 
of  the  most  surprising  and  startling  character  appears  in  con- 
nection with  these  objects:  patches  of  intense  brightness  sud- 
denly break  out,  remaining  visible  for  a  few  minutes,  moving 
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while  they  last  with  velocities  as  great  as  one  hundred  miles 
■o  SCCOfUl. 

"  One  of  these  events  occurred  on  ihe  forenoon  (Green- 
wich time)  of  September  i,  1859.  and  was  independently  wii- 
nessed  by  two  well-known  and  reliable  obsen,-ers,  Mr.  Car- 
rington  and  Mr,  Hodgson,  Mr.  Carrington  at  the  time  was 
making  his  usual  daily  observation  upon  the  position,  con- 
figuration, and  size  of  the  spots  by  means  of  an  image  of  the 
solar  disk  upon  a  screen,  being  then  engaged  upon  that  eight 
years'  series  of  observations  which  lies  at  the  foundation  of 
so  much  of  our  present  solar  science.  Mr.  Hodgson,  at  the 
distance  of  many  miles,  was  at  the  same  time  sketching  de- 
tails of  sun-spot  structure  by  means  of  a  solar  eye-piece  and 
shade-gla!:s.  They  simultaneously  saw  two  luminous  objects, 
shaped  something  like  two  new  moons,  each  about  eight 
thousand  miles  in  length  and  two  thousand  wide,  at  a  dis- 
tance of  Some  twelve  tlionsan<l  miles  from  each  other. 

"  These  burst  suddenly  into  sight  at  the  edge  of  a  great 
suu-si>ol.  with  a  dazzling  brightness  at  least  five  or  six  times 
lh;it  of  the  neighboring  portions  of  the  photosphere  and 
moved  eastward  over  the  spot  in  parallel  lines,  growing 
smaller  and  fainter,  until  in  about  five  minutes  they  disap- 
peared, after  traversing  a  course  of  nearly  thirty-six  thousand 
miles.  Their  passage  did  not  seem  in  any  way  to  change  the 
ii>nliguration  of  the  s|H>t  over  which  they  passed.  Mr.  Car- 
rini^lou  found  his  drawing,  which  was  completed  just  before 
lhe\  ai'pearoil,  still  quite  correct  after  they  had  vanished.  Of 
eom;>e  it  is  possible  to  question  the  connection  between  this 
iihtnomeuon  and  thv  spot  near  which  it  appeared:  but  as 
sornew  li.it  similar  apjwarances  have  been  seen  by  other  ob- 
Mi\ei^  ^i1u■e  ilien.  and  always  in  the  neighborhood  of  spots, 
il  I-  ptob.tble  that  there  is  some  relation  in  the  case.  .  .  . 
■■  Some  e\pn">^  the  opinion  that  It  was  caused  by  some  siid- 
.1-11  ,iiid  ■\';.i'  '":<.'  ••••!ir:i-'n  rVvi  K-haj'/i.  such  as  the  spectroscope 
.".'I'l  ',,iM.','  to  us  iiowadavs:  an  eruption,  however,  of  most 
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nusual  brilliance  and  violence,  for  not  one  of  the  outbursts 
Mince  then  observed  by  the  spectroscope  has  ever  been  visible 
without  its  aid. 

"  The  event  occurred  in  the  midst  of  a  remarkable  mag- 
'  netic  storm;  from  August  j8th  to  September  4th,  there  were 
auroras  every  night  all  over  the  world,  and  the  earth-cur- 
rents were  often  so  strong  as  greatly  to  interfere  with  tele- 
graphic communication."  {Prof.  Young.)  "  There  are  a 
number  of  observed  instances,  which,  though  not  sufficient 
to  demonstrate  the  fact,  still  render  it  very  probable  that 
every  intense  disturbance  of  the  solar  surface  is  propagated 
to  our  terrestrial  magnetism  with  the  speed  of  light.  An  in- 
stance fell  under  the  writer's  [Prof.  C.  A.  Young]  notice  in 
^Jhe  course  of  a  series  of  spectroscopic  observations  at  Sher- 
nian.  On  August  3,  1872,  the  chromosphere  in  the  neigh- 
borhood of  a  sun-spot  which  was  just  coming  into  view 
around  the  edge  of  the  sun,  was  greatly  disturbed  on  several 
occasions  during  the  forenoon.    Jets  of  luminous  matter  of 

^ intense  brilliance  were  projected,  and  the  dark  lines  of  the 
spectrum  were  reversed  by  hundreds  for  a  few  minutes  at  a 
time.  There  were  three  especially  notable  paroxysms — at 
8.45,  10.30,  and  11.50  a.m.,  local  lime.  At  dinner  the  pho- 
tographer of  the  party,  who  was  determining  the  magnetic 
_  constants  of  the  station,  told  me,  without  knowing  anything 
■about  my  observations,  that  he  had  been  obliged  to  give  up 
work,  his  magnet  having  .swung  clear  off  the  scale.  Two 
lays  later  the  spot  came  around  the  edge  of  the  limb.  On 
(he  morning  of  August  5th  I  began  observations  at  6.40,  and 
!6r  about  an  hour  witnessed  some  of  the  most  remarkable 
phenomena  I  have  ever  seen.  The  hydrogen  lines,  with  many 
others,  were  brilliantly  reversed  in  the  spectrum  of  the 
nucleus,  and  at  one  point  in  the  penumbra  the  C  line  sent  out 
what  looked  like  a  blow-pipe  jet  projecting  toward  the  upper 
■fcnd  of  the  spectrum  and  indicating  a  motion  along  the  line 
bf  sight  of  about  one  hundred  and  twenty  miles  a  second. 
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This  motion  would  die  out  and  be  renewed  again  at  intervals 
of  a  minute  or  two.  The  disturbance  ceased  before  eight 
o'clock  and  was  not  renewed  that  forenoon.  On  writing  lo 
England,  I  received  copies  of  the  photographic  magnetic 
records  for  those  two  days,  which  show  that  on  August  3d. 
which  was  a  day  of  general  magnetic  disturbance,  the  three 
paroxysms  I  noticed  at  Sherman  were  accompanied  by  pecu- 
liar twitches  of  the  magnets  in  England.  Again,  .August  5lh 
was  a  quiet  day,  magnetically  speaking,  but  just  during  that 
hour,  when  the  sun-spot  was  active,  the  magnet  shivered  and 
trembled.  So  far  as  appears,  too,  the  magnetic  action  of  the 
Sun  was  instantaneous.  After  making  allowance  for  longi- 
tude, the  magnetic  disturbance  in  England  appears  strictly 
simultaneous  with  the  spectroscopic  disturbance  seen  on  the 
Rocky  Mountains.  .  .  .  Solar  disturbances  are  not  the  cause 
of  our  magnetic  storms,  but  one  cause  of  some  of  ihem; 
and  very  likely  a  cause  only  in  the  sense  that  the  pulling  of 
a  trigger  '  causes '  the  flight  of  a  rifle-ball:  ihere  need  Ue  no 
froporuanality  between  such  a  cause  and  its  effect."  (Prof. 
Young.) 

As  often  remarked,  it  took  years  to  bore  and  tunnel  and'* 
mine  l!ie  Hell  Gate  obstruction  in  the  East  River,  New  York, 
but  the  pressure  of  a  child's  finger  on  an  electric  button  for 
a  fraction  of  a  second  sent  the  huge  mass  of  rock  flying  into 
I  he  air. 

The  periodic  fluctuation  of  the  Variation — daily,  yearly, 
and  secular — has  already  been  explained:  there  are  other  reg- 
ularly recurrent  maxima  and  minima  superposed  upon  these^ 
like  the  harmonics  upon  a  fundamental  note;  and  the  most 
important  one  of  them  will  now  be  mentioned  on  account  of 
its  direct  coiutection  with  the  subject-matter  of  this  Chapter. 

The  regular  daily  fluctuation  of  the  ^tagnelic  Variation- 
ditTers  in  amount  according  to  locality:  but  an  examination 
of  the  records  of  any  one  Observatory-  for  a  very  long  time. 
discloses  the  fnct  that  this  amount  itself  undergoes  a  steady  in- 
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crease  and  decrease  during  a  period  of  about  eleven  years;  tliai  is, 
there  is  a  regular  ebb  and  How  of  the  great  magnetic  tides  of  the 
globe  u'hosc  period  follows  most  closely  the  period  of  tnaxiiimm 
and  minimmn  number  of  sun-spats.  This  becomes  more  strik- 
ing by  tracing-,  as  is  clone  in  Plate  K,  the  curves  of  botli  plie- 
nomena:  "  From  1820  to  1895  the  record  is  almost  contin- 
uous, and  the  coincidence  of  the  curves  is  such  as  to  make  it 
impossible  to  doubt  the  connection." 

But  both  these  phenomena  are  also  closely  allied  to 
auroras,  as  may  be  seen  from  data  carefully  and  thoroughly 
collated  by  Prof.  Loomis;  "  \\"e  find  an  almost  perfect  par- 
allelism between  the  curves  of  auroral  and  sun-spot  fre- 
quency. .  .  .  Occasionally,  magnetic  storms  occur  during 
which  the  compass-needle  is  sometimes  almost  wild  with  ex- 
citement, oscillating  5°  or  even  10°  within  an  hour  or  two. 
These  storms  are  generally  accompanied  by  an  aurora,  or  an 
aurora  is  al-is.-ays  accompanied  by  magnetic  disturbances." 
(Prof.  Young.) 

Between  1873  and  1892.  "'  we  have  three  magnetic  storms 
which  stand  out  pre-eminently  above  all  others  during  that 
interval.  In  that  same  period  we  have  three  great  sun-spot 
displays  which  stand  out  with  equal  distinctness  far  above  all 
other  similar  displays.  .-\nd  we  find  that  the  three  magnetic 
storms  were  simultaneous  with  the  greatest  development  of 
the  spots.  Is  there  any  escape  from  the  conclusion  that  the 
two  have  a  real  and  binding  connection?  It  may  be  direct;  it 
may  be  indirect  and  secondary  only;  but  it  must  be  real  and 
effective."     (Mr.  Maunder  of  Greenwich  Observatory.) 

From  observations  at  Turin,  Italy,  extending  over  a  pe- 
riod of  14S  years,  that  is,  since  1752,  Prof.  Somis,  of  the 
Royal  Academy  of  Science,  has  made  comparison  of  sun-spot 
frequency  with  the  Temperature  of  the  Air;  and  he  finds  that 
the  eleven-yearly  recurrence  of  the  former  is  also  well  marked 
in  the  latter. 

As  a  result  of  his  investigation,  he  states  that  the  eleven- 
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yearly  fluctuation  of  the  sun-spots  and  the  mean  temperature 
at  the  Earth's  surface  are  due  to  some  periodic  cause,  which 
- — acting  at  the  Sun,  increases  the  Spots;  and,  acting  at  the 
Earth,  increases  the  Temperature,  with  a  retardation  in  time 
of  a  quarter  of  this  period:  on  the  other  hand,  a  similar  cause 
lets  on  the  Earth,  diminisliing  the  Temperature;  and  on  the 
iun,  increasing  the  Spots,  with  a  h*ke  retardation. 

\l  Toronto  (Canada)  and  Hobartown  (Tasmania)  a  si- 
lultaneous  progressive  increase  in  Mapietic  Disturbances 
id  Variation  was  observed  between  1843  and  '48,  amount- 
ing to  forty  per  cent  of  the  whole:  now  in  the  former  year 
ihere  was  a  minimum  of  sun-spots  and  in  the  latter  a  max- 
;  and  this  coincidence  of  phenomena  on  Sun  and  Earth, 
as  well  as  at  the  utmost  extremes  of  the  latter,  clearly  pointed 
to  the  cause  being  cosmical. 

Ever  since  that  time  the  matter  has  been  diligently  inves- 
tigated by  many  inquirers;  but,  for  the  purpose  of  this  Treat- 
ise,  it   will   suffice   to   present   the  results  obtained   by   Mr. 
William  Ellis  of  the  Royal  Observatory,  Greenwich,  im  the 
form  of  curves  denoting  the  course  of  each  phenomenon, 
Plate  L.     The  upper  curve  represents   sun-spot   frequency 
during  the  years  from  1841  to  1896;  the  middle  curve,  the 
inge  of  the  Variation  Magnet;  and  the  lower  cur\'e,  the  fluc- 
laiion  of  the  Horizontal  Intensity:  it  is  needless  to  com- 
lent  upon  the  coinciilence  of  all  three — even  in  every  twist 
id  turn,  however  small,  their  sinuosities  correspond. 
Thus,  of  the  phenomena  treated  in  this  Chapter,  some — 
€arth-curreuts,  magnetic  disturbances,  and  telegraphic  dis- 
order— are  of  unquestioned  electromagnetic  origin;  others — 
auroras  and  sun-spots — have  been  shown  to  possess  close  in- 
imacy  with  a  periodic  fluctuation  of  the  magnetic  elements, 
illowing  almost  exactly  in  their  steps;  and  electrical  dis- 
charges in  high  vacua  have  been  proven  like  unto  auroral 
streamers  and  colors:  therefore,  as  a  consequence  of  all  this 
varied  relationship,  it  is  fair  to  infer  that  auroras  also  have  an 
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-electromagnetic  origin,  and  that  eruptive  sun-spots  are,  at 
least  at  times,  their  genesis. 

Of  course  auroras  may  have  other  sources:  electromag- 
netic waves  from  the  Sun;  commotions  in  the  electricity  of 
our  atmosphere;  a  violent  wrench  to  the  normal  condition  of 
terrestrial  magnetism — in  fact,  any  extensive  disturbance  of 
the  ether,  electromagnetically,  that  will  send  out  huge  waves 
and  suffuse  the  rarer  aerial  regions  with  color. 


CHAPTER   X. 

THE  MAGNETIC  CONDITION  IN  BODIES  OF  RESTRICTE1> 

SIZE;    FIELD    AROUND    THEM;    LAWS    OF    ACTION; 

EFFECT   OF   HEAT  ON   MAGNETISM, 


SectlDn  One :   Magnets,  Natural  and  Artificial. 

l66.  Up  to  the  present  point,  electromagrietic  phenom- 
ena have  been  viewed  in  their  widest  range — in  Earth  and 
Air  and  throughout  Space  even  to  the  Sun :  but  now  the  elec- 
tromagnetic condition  mnst  be  considered  in  bodies  of  defi- 
nite size;  later  on.  the  view  will  be  narrowed  to  the  limits  of 
tlio  atom,  and  then  the  most  rational  theory  yet  advanced 
ros^arding  the  exact  nature  of  electricity  and  magnetism  will 
bo  stated. 

167-  The  lodestone. — Throughout  Nature  is  found  more 
or  k'ss  ;iluindantly  a  reddish-black  ore.  both  in  lumps  and  in 
(iu-  orysialline  form,  which  has  the  property  of  attracting  to 
itself  liiis  of  iron:  they  adhere  in  greatest  quantity  about  two 
]Hiints  or  poles,  however  irregular  the  lump  may  be. 

riio  ore  is  an  oxide  of  iron — a  union  of  73  parts  of  iron 
.iiiil  J~  of  o\ygcn  in  loii  of  both,  or,  in  chemical  formula, 
l\\il^,,  and  is  mixed  with  some  earthy  matter;  it  is  called 
niai;uoiiio  by  iho  miuoralogist.  It  was  widely  known  in  re- 
luoio  .imii]uiiy,  and  the  property  of  attracting  iron  served  to 
j;i\i-  ii  ill  each  ooutitry  a  name  descriptive  of  this  peculiarity. 
rii.it  of  'mai^nci."  however — derived  from  the  province 
oi  M.i;^iu-.i:i  in  Asia  Minor,  where  it  was  found  in  great  quan- 
lil>      h,is  suivi\od.  10  become  its  distinctive  appellation. 
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It  was  known  to  the  ancients  that  it  would  impart  its  vir- 
tue to  iron  by  rubbing,  so  that  this  would  in  turn  act  as  a 
magnet:  this  is  proven  by  the  following  extract  from  the 
poem  De  Renim  Malura  by  Lucretius,  who  flourished  about 
sixty  years  before  the  Christian  era.  Translation  by  Dr. 
Busby. 

Now,  chief  of  ali,  the  magnel's  power  1  sing. 

And  from  what  laws  the  attractive  functions  spring  ; 

The  magnel's  name  the  observing  Grecians  drew 

From  the  magnetic  region  where  il  grew  ; 

Its  viewless  potent  virtues,  men  surprise, 

Its  strange  etfcels  Ihey  view  with  wondering  eyes, 

When,  without  aid  of  hinges,  links,  or  springs, 

A  pendent  chain  we  hold  of  steely  rings 

Dropl  from  the  stone — the  stone  the  binding  source — 

Ring  cleaves  to  ring,  and  own  magnetic  force  : 

Those  held  superior,  those  below  maintain, 

Circle  'neath  circle  downward  draws  in  vain. 

Whilst  free  in  air  disports  the  oscillating  chain. 

About  the  tenth  century  it  was  discovered  that  if  a  piece 
of  this  ore  were  suspended  by  a  thread  so  as  to  hang  horizon- 
tally, it  would  settle  into  a  definite  direction — the  magnetic 
meridian:  this  made  it  at  once  a  most  valuable  guide  or 
leader  both  afloat  and  ashore,  and  accordingly  it  received  the 
name  of  Lodestone,  or  leading  stone,  from  the  Saxon  word 
Lacdaii,  to  lead. 

168.  The  steel  magnet — According  to  its  temper  and 
quality,  a  mass  of  iron  or  steel  of  any  form — wire,  rod,  or  bar 
— may  be  converted  into  a  magnet  of  more  or  less  power. 
The  means  to  this  end  are  various,  with  corresporiding  dif- 
ferences of  effect.  The  magnetic  -condition  can  be  pro- 
duced by  holding  a  bar  in  the  line  of  Dip  and  striking  it  on 
end  with  a  mallet;  but  the  mild  influence  of  terrestrial  mag- 
netism will  thereby  yield  only  a  feeble  magnet:  powerful  steel 
magnets  drawn  over  the  bar  will  impart  a  proportionate 
measure  of  their  own  strength:  while  the  field  of  an  electric 
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current  traversing  a  spiral  coil  of  wire  in  whose  axis  a  bar  is 
placed,  will  make  of  this  the  strongest  magnet  possible. 

There  is  a  limit,  however,  beyond  which  no  method  will 
increase  the  power  of  a  magnet.  To  understand  this,  as  well 
as  to  afford  a  mental  image  of  a  magnet,  various  conceptions 
of  its  interior  structure  have  been  formed:  the  two  principal 
are,  :st,  that  each  molecule  of  the  iron  is  itself  a  magnet,  ami 
2d.  that  a  closed  current  of  electricity  is  forever  circulating 
round  the  limiting  surface  of  each  molecule.  In  the  neutral 
state,  or  when  the  bar  exhibits  no  magnetism,  these  atomic 
magnets,  or  molecular  currents,  are  heterogeneously  mingleJ 
— their  axes  point  in  all  possible  directions:  while  the  process 
of  magnetization  is  only  the  tendency  of  a  magnetic  flow  to 
turn  their  axes  all  one  way:  a  slight  ripple  through  thdt 
midst  will  turn  but  a  few;  a  strong  wave  will  wheel  alioiit 
many:  anil  a  powerful  flood  will  swing  all  into  line,  and  then 
the  process  can  do  no  more — the  magnetic  condition  is  com- 
plete. But  it  will  not  remain  so:  the  natural  tendency  of  the 
little  magnets  or  currents  is  to  return  to  their  helter-skelter 
condition — some  will  do  so,  even  in  the  most  highly  tem- 
pered steel,  and  the  magnet  thus  loses  strength,  according  to 
universal  experience. 

Twisting  a  wire  is  essentially  a  derangement  of  its  mole- 
cules— the  act  excites  magnetism  in  the  wire — and  this  shows 
that  the  magnetic  condition  is  molecular. 

The  use  of  the  electric  current  to  induce  the  magnetic 
condition  will  be  treated  in  the  chapter  on  making  compass- 
needles,  and  the  means  are  so  effective  and  so  generally  3 
able,  that  it  is  almost  needless  lo  describe  the  process  by  1 
magiicts;  hui  the  emergency  may  arise  when  this  is  the  o 
means  at  hand. 

If  only  one  magnet  is  available,  it  is  to  be  held  vertics 
and  passed  from  left  to  right  over  the  bar  to  be  magnetizj 
(laid  flat  on  the  table)  so  as  lo  touch  every  pan  of  its  surfw 
begin  at  (i)  Fig.  21 1,  a  little  distance  from  the  bar.  and  c 
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at  (3)  a  little  beyond  it;  at  the  latter  point,  raise  the  magnet 
vertically  a  fool  above  the  bar.  carry  it  at  this  height  and  in 
this  way  to  the  left,  bring  it  down  to  touch  the  bar  again  at 
{i),  and  make  the  pass  to  the  right  as  before;  do  this  several 
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times;   then  turn  the  bar  over  ami  repeat  the  same  nnmber 
of  passes  on  the  other  side. 

When  two  magnets  can  be  had,  they  are  to  be  held  one 
in  each  hand,  slightly  inclined  to  the  horizon,  lower  poles  of 
-opposite  name,  and  joined  as  in  Fig.  212:    then  draw  them 


ipait  and  beyond  the  ends  of  the  bar,  raise  them  well  above 
ihe  latter,  bring  them  back  to  its  center,  and  make  another 


.,  and  several  more  as  at  first:   the  same  number,  made  in 
he  same  way,  to  be  repeated  on  the  other  side  of  the  bar. 
With  four  magnets,  the  procedure  is  identically  that  with 
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169.  The  electromagnet. — Usually,  an  electromagnet  is 
tbought  of  as  a  kind  of  spool  wound  with  insulated  copper 
Itire  in  overlying  layers,  through  which  an  electric  current 
may  be  sent;  but  in  reality,  the  shape  that  bears  the  circuit 
nay  be  most  varied — round,  square  or  horseshoe,  flat  or 
elongated,  solid  or  tubular,  regular  or  irregular;  and  each 
vill  have  the  same  characteristics — behave  like  a  steel  mag- 
let  in  ever}'  particular  when  alive  with  current.  But  it  is 
.ctive  only  when  its  life-blood  circulates — inert,  when  this 
:ease5  to  flow;    and  either  condition  may  be  imparted  to  it 

by  the  pressure  of  a  button. 

The  power  of  an  electromagnet  increases  with  the 
Strength  of  the  current,  or,  this  remaining  constant,  with  the 
number  of  tnrns  of  the  wire;  therefore  with  both:  if  the  form 
be  tubular,  to  fill  the  core  with  soft  iron — the  purest  wrought 
iron,  for  instance — will  further  add  to  the  strength:  if  the 
form  be  cylindrical,  and  we  could  see  the  current  circulating 
through  the  wire  as  a  materia!  fluid,  it  would  seem  to  flow 
contrary  to  the  hands  of  a  watch,  looking  at  one  end  full 
in  the  face,  and  this  is  the  north  pole;  while  it  would  be  u'lV/i 
the  hands  of  the  watch  if  we  view  the  other  end,  and  this  is 
the  south  pole.  The  rule  is  universal,  whatever  the  form  of 
ic  magnet. 

170.  Tlie  electro-static  magnet — When  two  insulated 
metal  spheres  of  same  size  are  charged  with  equal  quantities 
of  like  or  unlike  electricity  by  a  Wimshurst  machine,  and  are 
separated  by  the  distance  of  a  tew  diameters,  the  ether 
around  them  is  in  a  state  of  strain  exactly  like  that  surround- 
ing the  like  or  unlike  poles  of  a  steel  magnet  or  an  electro- 
magnet, and  may  be  rendered  apparent  to  the  eye  by  the 
same  means,  viz.,  strewing  fine  iron  dust  on  a  sheet  of  paper 
above  them.  The  lines  of  force  thus  made  visible  are.  as  it 
were,  threads  of  the  highly  elastic  ether  which  may  be 
stretched  indefinitely  without  snapping^ — ^so  great  is  the  elas- 
ticity of  the  ether;   so  that,  removing  one  of  the  spheres  to 
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The  magnet  M  is  then  put  in  place — vertically  in  a  groove 
of  a  board  B  so  that  it  may  be  moved  up,  with  means  to  clamp 
it:  a  scale  at  the  side  indicates  the  distance  moved  through. 


and  as  the  end  of  the  magnet  reaches  each  mark,  the  needle 
is  oscillated  for  the  same  time  as  at  first — one  minute. 

By  Terrestrial  Induction,  the  magnet  is  temporarily 
strengthened  when  one  pole  is  uppermost,  and  weakened 
when  the  other  is:  to  get  at  the  magnetism  proper  of  the  bar. 
therefore,  oscillations  must  be  made  with  it  in  both  positions, 
and  the  mean  taken.  Suppose  these  means  to  be  34,  30,  2'> 
.  .  ,  respectively,  with  the  magnet-end  at  the  points  i,  2, 
3  ...  of  the  scale,  and  that  the  number  due  to  the  Earth 
alone  is  10;  then  the  values  of  the  force  at  the  corresponding; 
distances  from  the  end  of  the  magnet  are  34*  —  10*  =  105'^; 
30*  —  10^  =  800;  and  26^  —  10"  =  576. 

Continuing  the  oscillations,  it  would  be  found  that  they 
steadily  decrease  until  the  magnet  has  risen  about  half  its 
length,  where  they  are  practically  the  same  as  imder  the  in- 
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any  distance,  will  oiily  draw  out  the  thread  to  finest  tenuil 
— not  break  it:  therefore,  wherever  we  find  a  charge  of  eli 
tricity  on  a  body,  we  must  consider  that  there  is  an  eqi 
charge  of  apposite  kind,  somewhere,  on  another  body. 
deed  a  charge  necessarily  carries  with  it  a  stress  in  the  si 
rounding  medium,  and  this  stress  imphes  a  pull  somewhi 
for  it  is  inconceivable  that  a  burden  should  experience 
tug  of  a  rope  attached  to  it  without  some  power  holding 
the  other  end. 

There  is,  then,  no  such  anomaly  as  an  isolated  chargi 
the  positive  needs  the  negative  for  its  existence,  though 
may  see  but  one — and  thus  we  have  what  may  be  caJled 
elect ro-j/o/if  magnet,  in  complete  analogy  to  the  electroi 
net  and  the  sieel  mafjnet. 

171.  Distribution  of  magnetism  in  a  bar. — The  disti 
tive  virtue  of  a  magnet  becomes  apparent  only  by  its  efif« 
as  for  instance,  its  ppwer  to  deflect  a  compass-needle; 
this  power  is  not  the  same  at  ali  points  of  the  magnet's  . 
face,  and  to  determine  its  varying  value,  is  to  ascertain 
distribution  of  magnetism  in  the  bar.     Roughly,  it  may  be 
done  by  rolling  the  magnet  in  a  heap  of  iron  filings:  it  wll- 
come  out  thickly  coated  with  them  in  some  parts  and  all 
nude  in  otliers^ — the  former  indicate  magnetic  strengthjl 
latter  its  weakness. 

For  accuracy,  however,  recourse  must  be  had  to  metbol 
of  oscillation  or  induction,  the  latter  being  the  most  accural' 
By  Oscillation.  In  another  part  of  this  Treatise,  it  is 
that  a  body  swinging  unrler  the  influence  of  a  central 
as  a  pendulum  by  gravity  or  a  compass-needle  by  mai 
will  make  a  certain  number  of  oscillations  in  a  given  til 
pendent  on  the  intensity  of  the  force;  and  that  the  sg' 
the  number  of  oscillations  becomes  an  index  of  t 
U,=;ing  this  principle,  a  small  needle,  delicately  » 
to  move  in  a  horizontal  plane,  is  set  upor 
216.  and  oscillated  for,  say  one 
of  the  Earth's  magnetism  alone. 
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If,  now,  the  magnet  be  laid  across  the  meridian,  as  in  Fig. 
risi^,  and  the  values  1056.  800,  576,  ...  be  laid  off  accord- 
ing to  any  scale  of  equal  parts  as  ordinates  As^ .  Bx",  Cx'", 
etc.,  to  the  successive  distances  i,  2,  3  ...  of  Fig.  216,  used 

as  abscissas  Nx',  Nx",  Nx"',  etc., — to  the  northward  for  one- 
half  the  magnet  and  to  the  southward  for  the  other  half — and 
the  ends  of  the  ordinates  be  joined,  a  curve  will  be  traced 
ABC  .  .  .  M  .  .  .  CB'A',  which  is  characteristic  of  the 
magnetic  intensity  of  the  bar;  and  however  varied  in  size  and 
strength  the  magnet  may  be,  this  curve — typical  of  its  mag- 
jietic  distribution — will  be  substantially  the  same. 

If  the  normal  components  are  determined  at  sufficiently 
dose  intervals,  the  ordinates  that  represent  them  will  form 
the  area  bounded  by  a  branch  of  the  curve,  by  the  end- 
ordinate,  and  by  half  the  length  of  the  magnet:  the  center  of 
^avity  g  cii  this  area  is  the  point  of  application  of  the  resultant 
R  of  these  ordinates  or  parallel  forces:  prolonging  the  result- 
ant of  each  group  to  the  axis  of  the  magnet,  W,  we  have  the 
magnetic  couple  R  —  //'  —  R'  acting  on  the  bar,  or  the  niag- 
tulic  moment  R  .  W,  which,  jointly  with  the  Earth's  couple, 
"turns  it  into  the  meridian  when  free  to  move. 

The  effort  to  turn  is  the  greatest  in  the  position  shown, 
for  the  perpendicular  distance  between  the  forces  R  and  R' — - 
one  factor  of  the  Earth's  couple — will  decrease  with  the  angle 
the  bar  makes  with  ihe  magnetic  meridian. 

While  the  magnetic  moment  may  be  found  graphically  in 
this  way,  the  method  is  not  given  as  a  means  of  doing  it,  but 
1  show  clearly  what  the  quantity  is. 
By  Induclion.  Whenever  a  loop  or  coil  of  wire  is  moved 
b  the  vicinity  of  a  magnet,  or  the  latter  near  the  former,  a 
airrent  of  electricity  is  temporarily  induced  in  the  wire;  it  is 
3ie  variable  magnetic  field  encountered  in  either  movement 
liat  excites  the  current:  this  is  the  principle  of  the  Induction 
lethod. 

A.  ballistic  galvanometer  is  used  to  indicate  the  current. 
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and  it  may  be  said  that  its  distinctive  feature  is  a  heavy  needle 
whose  slow  movement  is  a  kind  of  summation — an  integra- 
tion, as  it  were,  of  the  several  impulses  of  the  transient  cur- 
rent; the  sine  of  half  the  angle  of  the  first  swing  is  propor- 
tional to  this  current,  and  as  the  latter  is  much  or  httle  ac- 
cording to  the  field  traversed  by  the  wire,  the  angle  of  swing 
therefore  becomes  an  index  of  the  field. 


The  magnet  M  is  placed  as  in  Fig.  218,  horizontally  in  the 
magnetic  meridian,  and  two  sets  of  observations  made  with 
each  pole  successively  toward  the  north.  A  single  loop  of 
small  wire,  C,  close  fitting,  and  connected  to  the  galvanom- 
eter, is  placed  on  the  magnet,  and  s!i])ped  quickly  from  one 


division  to  another  of  the  scale,  S,  resting  at  each  long 
enough  to  note  the  swing  of  the  needle  and  allow  it  return 
to  zero.  The  plane  of  the  loop  is  at  right  angles  to  the  length 
of  the  magnet,  so  that  the  several  deflections  indicate  only 
values  of  the  normal  component  of  the  magnet's  total  inten- 
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sity — the  same  as  in  the  oscillation  method.  To  obtain  their 
resultant,  a  coil  of  insulated  wire  is  placed  as  in  Fig,  219,  at 
the  middle  of  the  bar,  and  drawn  quickly  toward  the  north — 
off  the  magnet,  and  beyond  it  a  few  inches,  noting  instantly 
the  throw  of  the  needle;  this  is  done  with  the  other  pole  to- 
ward the  north:  and  both  movements  of  the  coil  are  repeated 
toward  the  south  with  each  pole  alternately  in  that  directio-. 

The  mean  deflection  for  each  half  of  the  bar  is  an  index 
of  the  resultant  of  the  group  of  parallel  forces  acting  on  it. 

To  convert  the  angular  indices  of  the  individual  forces, 
as  well  as  the  index  of  llieir  resultant,  into  absolute  measure, 
both  loop  and  coil  are  taken  off  the  magnet  and  away  from  its 
influence,  and  connected  with  some  source  of  electricity:  a 
sudden  current — either  "  make  "  or  "  break,"  is  then  sent 
through  coil  and  loop,  and  the  deflection  of  the  needle  noted 
in  each  case. 

The  field  of  this  current  can  be  measured  in  dynes,  and 
comparison  of  the  deflection  it  causes,  with  those  observed 
when  the  loop  and  coil  were  on  the  magnet,  afford  the  means 
of  determining  the  normal  components  and  their  resultant  in 
absolute  measure — dynes. 

172.  Characteristics  of  a  magnet From  the  preceding, 

it  is  evident  that  the  distinctive  features  of  a  magnet  are  two 
foci  of  strength — one  near  each  end — shading  off  in  intensity 
toward  a  neutral  ground  in  the  middle.  These  foci  are  called 
poles,  and  have  opposite  qualities,  since  they  produce  dis- 
similar effects— one  attracting  one  end  of  a  suspended  needle, 
while  the  other  repels  the  same  end.  If  a  bar-magnet  be 
placed  on  a  slab  of  cork  and  floated  in  water,  it  will  turn  until 
its  axis  is  in  the  magnetic  meridian;  but  it  will  not  then  move 
either  north  or  south:  this  proves  that  the  poles  are  of  equal 
strength — that  it  is  truly  a  magnetic  couple  that  acts  on  the 
bar;  and  yet.  if  the  bar  be  placed  with  its  axis  at  right  angles 
to  the  meridian  on  a  table,  and  a  small  needle,  free  to  oscil- 
late in  a  horizontal  plane,  be  set  at  some  distance,  one  pole 
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of  the  magnet  may  produce  a  different  deflection  from  the 
other  pole,  indicaliiig  an  apparent  inequality  of  power.  The 
real  explanation  of  this  is,  that  the  strength  is  concentrated 
in  one-half  the  magnel  and  diffused  in  the  other  half,  and  the 
difference  in  distance  of  the  resultant  of  each  from  the  end  of 
the  bar  produces  the  difference  in  deflection:  this  resultant 
is  the  same,  however,  as  if  the  individual  forces  had  been 
symmetrically  spread  over  each  half  of  the  har;  and  the  pole 
must  therefore  be  thought  of  as  the  point  of  application  of 
the  resultant  of  the  parallel  forces  acting  on  each  half  of  the 
magnet. 

Irregular  distribution  may  be  due  to  some  pcndiarity  of 
the  steel,  or  of  tempering,  or  of  magnetizing,  or  of  all  com- 
bined; but  either  pole  cannot  be  called  into  existence  in 
greater  or  less  degree  than  its  congener,  and  there  is  no  such 
thing  as  «  magnet  tciVA  one  pole. 

Since  attraction  occurs  only  between  poles  oi  opposite 
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name,  the  end  of  llie  magnet  that  points  to  the  terrestrial 
north  should  in  strictness  he  called  a  south  pole;  but  custom 
has  decreed  otherwise,  and  heller  than  run  counter  to  this, 
wiinld  be  ihe  i.icil  nnderstamling  that  the  polarities  differ, 
and  coiuinne  to  call  both  ihe  majrnetic  pole  of  the  Earth  and 
the  poll'  oi  the  mai^nct  that  point?  to  it,  by  the  same  name, 
anil  iliis  is  done  ihrout;honi  this  Ix-iok. 

Tit;-,   JJO  represents  the  various  means — letters,  colors, 
anil  m;>rks — lliai  :»rtf  used  to  disiinguisb  the  poles. 
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By  extensive  experiments,  it  has  been  found  that  in  mag- 
laets  of  seven  inches  and  upward,  the  poles  are  1.6  inch  from 
the  ends;  and  in  magnets  of  less  length,  they  are  located  at 
one-sixth  the  length  from  the  ends. 


■  Section  Two  :  The  Magnetic  Field. 

173,  Magaetic  bodies  are  surrounded  by  a  field  of 
influence. — In  1576,  Robert  Norman,  writing  of  llie  endeav- 
ors of  that  time  to  determine  the  nature  of  magnetism,  sets 
forth  in  quaint  language  the  fact  that  the  magnet's  influence 
is  not  restricted  to  its  surface,  but  extends  well  into  space 
jground  it. 

*  Now,  therefore,  as  I  have  before  declared  that  diverse 
liave  whetted  their  wits,  yea,  and  dulled  them,  as  I  have  mine, 
Jid  yet  in  the  end  have  been  constrained  to  Hie  to  the  stone 
(I  mean  God),  who  (to  conclude)  hath  given  vertue  and 
power  to  this  stone,  proper  in  itselfe  to  shewe  one  certaine 
point  by  his  owne  nature,  and  not  subject  to  anie  other  acci- 
dent in  Heaven  nor  in  Earth,  but  freelie  by  his  own  proper 
vertue.  received  at  His  mightie  hands  in  creation;  and  by  the 
'sanie  vertue  the  needle  is  turned  upon  his  owne  centre,  I 
'mean  the  centre  of  his  circular  and  invisible  vertue  pearcing 
■11  things  and  staled  by  nothing,  bee  it  wall,  boord.  glasse.  or 
Anything  whatsoever. 

"  .And  surely  I  am  of  opinion  that  if  this  vertue  could  by 
mie  meanes  bee  made  visible  to  the  eie  of  man,  it  would  be 
bund  in  a  sphericall  forme  extending  round  about  the  stone 
I  great  compasse.  and  the  dead  bodie  of  the  stone  in  the 
niddest  thereof,  whose  centre  is  the  centre  of  the  aforesaid 
tue." 

The  "  vertue  "  has  been  made  visible,  and  not  only  this, 

It  its  strength  measured  and  the  direction  in  which  it  is  ex- 

irted.  determined  for  every  point  of  the  region  of  its  influ- 
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ence;  tVie  form,  too,  or  bounding  surface  of  the  region  has 
received  a  kind  of  hazy  definition:  it  partakes  much  of  the 
shape  of  tht  magnetic  hody  iiseU — round,  when  that 
sphere — elUpsoidal,  when  it  is  elongated. 

It  is  in  the  magnetic  field  that  the  effects  of  its  kernel^ 
the  magnetized  body — are  experienced;  this  field,  therefod 
is  of  the  utmost  importance,  and  will  be  treated  with  the  ^ 
riety  of  illustration  it  requires. 

By  the  magnetic  field,  is  meant  specifically  a  portion  i 
the  ether  immediately  surrounding  a  magnetized  body  of  a 
kind— a  region  in  which  an  abnormal  condition  is  manifest; 
perhaps  a  strain  somewhat  like  that  of  a  tense  spring,  created 
by  the  magnetic  body:  and  as  the  spring  cannot  be  pnlled 
into  a  tense  condition  from  one  end  only,  but  must  be  het 
or  fastened  at  the  other  end,  and  hence  suffers  strain  throug 
out  all  its  convolutions,  so  the  stress  in  the  ether  is  conveyed 
on  and  on  from  the  vicinity  of  a  magnet  to  some  other  poin 
where  it  becomes  opposite  in  direction:  if  the  stress  is  ou^ 
ward  from  the  north  pole  of  a  magnet,  it  must  be  inward  4 


the  south  pole,  in  order  that  the  lines  of  force  between  them 
exist  at  all.  The  stress  becomes  less  and  less  as  we  recede 
from  the  poles,  and  at  no  great  distance  becomes  too  =iiiali 
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to  measure  with  our  instruments;  and  so  we  define  that  as  its 
boundary  limit;  but  this  is  true  only  to  our  senses. 

It  is  the  magnetic^field  that  acts  inductively  upon  all  iron 
coming  into  its  midst  and  excites  in  it  the  magnetic  condi- 
tion: even  more,  iron  being  the  most  permeable  substance  to 
such  a  field,  the  lines  of  force  gather  in  upon  it  in  preference 
to  going  through  air.  LetFig.22i  represent  the  cross-section 
of  a  massive  tubular  body,  such  as  a  gun-turret  or  conning 
lower,  then  the  terrestrial  magnetic  flow  will  concentrate 
upon  it  from  without,  pass  onward  through  the  iron,  and 
emerge  into  air  again,  leaving  the  interior  free  of  flow:  thus 
a  compass  placed  inside  is  deprived  of  ils  natural  directive 
force,  and  becomes  listless,  if  not  entirely  useless. 

Fields  of  influence  exist  not  only  around  steel  magnets, 
but  also  around  electromagnets,  around  wires  carrying  cur- 
rents, and  around  bodies  charged  statically  with  electricity; 
and  these  various  fields  mutually  react  upon  each  other:  this 
points  to  an  intimate  relationship  between  these  several  elec- 
tromagnetic manifestations. 

The  magnetic  field,  in  fact,  is  only  one  instance  of  a  sphere 
of  influence  ihal  is  proper  to  every  phenomenon  in  nature:  a 
sounding  body  becomes  less  audible  as  we  recede  from  it,  un- 
til at  length  a  point  is  reached  where  it  is  not  heard  at  all:  a 
source  of  light  grows  dimmer  with  distance,  and  eventually 
vanishes  from  view:  the  heat  of  a  stove  can  be  felt  only  within 
a  certain  radius;  the  electrifying  effects  of  a  charged  body  are 
limited  to  a  specific  region  about  it;  chemical  action  is  re- 
stricted to  atomic  spaces;  and  even  the  influence  of  person  is 
of  most  avail  only  by  actual  presence — the  absent  are  easily 
ignored. 

174.  Various  methods  of  exploring  the  magnetic  field. 
— The  most  striking  means  of  portraying  the  magnetic  field 
is  by  fine  iron  filings  strewn  on  a  sheet  of  paper  above  the 
magnet;  they  group  themselves  into  delicate  filaments  that 
delineate  every  feature  of  the  field:  these  are  the  lines  of  force 
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made  visible — Fig,  222 — and  they  are  the  same  whether  the 
magnet  be  a  steel  bar,  a  cylindrical  coil  alive  with  curreni,  c 
Iwo  spheres  charged  with  opposite  electricity. 

Each  mote  of  the  iron  dusi  is  ilsclt  a  magnet,  with  rainutol 
foci  of  strength  and  a  neutral  zone  as  well  defined  as  in  th».l 


>3^s,^3^^-^g^g;i^^i>^-:^^^ 


largest  magnet,  and  the  tracery  they  form  on  the  paper  b 
caused  by  the  attraction  of  dissimilar  poles,  north  to  soutll 
in  symmetrical  alignment. 

The  picture  exhibits  a  horizontal  section  through  the  fiel4j 
but  if  the  cut  were  in  any  other  plane — either  vertical  or  in- 
clined at  any  angle — the  structure  and  general  aspect  would 
be  the  same:  the  field  is  homogeneous  in  nature  and  ellip- 
soi<lal  in  form. 

The   magnetic   field  can  also  be  surveyed   with   sm 
needles,  one  free  to  move  in  Variation,  the  other  in  Dip,  a 
the  indications  of  both  mappe*!  into  two  views — a  horizont^ 
plane  and  a  vertical  section.     Lei  .U.  Fig.  223.  represent  i 
magnet  laid  rtat  on  the  table,  and  the  numbers  around  it,  stp 
lions  to  which  a  small  variation-needle  is  successively  < 
ricd:  at  each,  it  points  toward  the  nearest  pole,  and  in  t 
middle  is  parallel  to  the  liar.    If  a  third,  a  fourth,  and  oth< 
outlying  series  of  stations  be  occupied,  the  needle  would  i 
dicKte  the  same  symmetry-  of  direction  until  a  distance  wei 
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reached  where  the  magnet's  power  was  no  longer  felt,  and 
that  is  said  to  be  the  limit  of  the  field. 

It  is  evident  that  if  the  magnet  be  turned  on  edge  so  that 
the  side  that  was  up  become  vertical,  and  ihe  variation-needle 
be  replaced  by  an  equally  smaSi  dip-needle,  the  deflections  of 


I 


"      i8-.     I  S 


■=''=«■ 
^  = 


Fig.  2S3. 

the  latter  would  be  similar  to  those  of  the  fonner,  and  we 
should  thus  get  a  view  of  the  vertical  section. 

It  is  also  evident  that  if.  in  addition  to  being  laid  flat  and 
set  on  edge,  the  magnet's  surroundings  could  be  examined 
in  planes  through  its  axis,  hut  inclined  successively  at  greater 
angles  to  the  verticai,  the  results  would  differ  in  no  wise,  iti 
kind,  from  those  of  corresponding  stations  in  the  horizontal 
and  vertical  planes.  In  other  words,  we  should  find  the  ether 
symmetrically  stressed  all  round  the  magnet.  The  exploring 
needle  in  reality  indicates  a  tangent  to  a  line  of  force,  and  if 
such  lines  in  any  plane  were  prolonged,  they  would  present 
the  aspect  of  Fig.  222. 

The  strength  of  the  field  at  the  several  stations  could  be 
ascertained  by  oscillation  experiments,  and  thus  we  should 
have  determined  the  Magnetic  Elements  of  the  bar — its  Vari- 
ation, Dip,  and  Intensity. 

It  is  by  methods  entirely  analogous  that  the  magnetic 
field  of  the  Earth  has  been  explored:  to  many  points  of  its 
surface,   Variation   compasses,   Dip   circles,   and   Oscillating 
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1  between  AT  and  s'  because  of  the  repulsive  effect  of  JV 

[Tiipon  n';  and  the  other  for  diminished  repulsion  only  between 

S  and  /  because  of  the  attractive  effect  of  5  upon  «':  and 

thus,  as  in  Fig.  225,  we  have  only  two  forces  to  consider — 

_  FN,  attractive;  and  PS.  repulsive, 

^H  The  point  P  being  anywhere  in  the  field,  it  will  be  stown 
Hilater  that  the  force  acting  upon  it  varies  inversely  as  the 
^^qnarg  of  the  distance  from  the  foci  N  and  5;  that  is.  if  NP 
=^^SP,  then  the  attraction  at  P  is  i  and  the  repulsion  ^: 
Izjing  off  PA  eqnal  to  i  and  PB  equal  to  },  according  to  any 
scale. and  completing  the  parallelogram,  its  diagonal  PR  is  the 
resultant  and  indicates  the  direction  of  the  needle,  that  is,  a 
tangent  to  a  line  of  force:  and  by  such  means  ihe  lines  of  force 
for  the  whole  field  may  be  drawn,  and  a  reproduction  of  Fig. 
222  obtained  in  its  entirety. 

The  field  of  any  particular  magnet  has  certain  features 
common  to  all  magnets,  whatever  their  form,  and  the  matter 
will  be  further  ilhistraled  by  an  account  of  an  investigation  of 
one  by  Prof.  Airy  and  Mr.  Carpenter  of  the  Greenwich  Ob- 
servatory. The  cuts  have  been  drawn  from  a  ilescription  of 
the  procedure,  and  are  intended  merely  to  illustrate  the  prin- 
ciples involved.  In  Fig.  226,  j-I  is  a  table  on  which  a  stand  B, 
1.8  inch  high,  may  be  set.  Before  beginning  the  experiment, 
the  Earth's  magnetism  was  completely  neutralized  by  large 
magnets,  so  that  a  compass  C,  with  needle  one  inch  long,  was 
entirely  devoid  of  direction  on  every  part  of  the  table.  A 
large  sheet  of  paper  was  fastened  on  top  of  the  table  and  an 
outhne  of  the  magnet  .1/  drawn  upon  it;  around  this  the 
sixty-eight  stations  of  Fig,  223  were  accurately  and  symmetri- 
cally located.  The  bar  A/,  14  inches  long,  1,4  inch  wide  and 
0.35  inch  thick,  was  then  placed  within  its  contour  line;  it  had 
been  magnetized  many  years,  and  was  in  a  stable  condition. 
Obser\'ations  were  made  with  the  magnet  in  two  positions 
—flat,  and  on  edge,  and  they  were  conducted  as  follows:  the 
iompass  was  set  at  each  station,  and  a  circle  scribed  about  its 


394 


MAGNETIC  COXDITIOX  IN  SMALL   MASSES. 


box;  the  ends  of  the  needle  were  marked  by  two  dots  on  the 
paper,  and  when  ihe  box  was  removed,  these  were  joined  by 
■A  delicate  line,  which  gave  the  axis  of  the  needle,  that  is,  the 
direction  of  a  line  of  force  at  that  station. 

The  intensity  of  this  force  was  determined  by  balancing 
it  against  a  constant  one — that  of  a  horseshoe  magnet,  and 


Fig.  916. 


0  method  was  this:  in  Fig.  226,  M'  is  the  magnet,  and  C  the 
Kill  compass:  its  needle  will  point  in  the  direction  C'«,  iin- 
r  the  inlliience  of  .1/'  alone;  now  bring  down  the  horseshoe 
ignot  //,  vertically,  until  its  poles  are  at  a  specified  distance 
ini  tlio  needle  and  transverse  10  its  axis;  the  needle  will  take 
lU'w  direction — C'n'\  interchange  the  position  of  the  poles 
llio  horseshoe,  and  the  needle  will  take  another  direction 
( "11";  ihe  mean  value  of  these  two  angles  of  deviation  is  the 
llcilion.  The  stand  B  was  set  on  the  table  above  the  mag- 
\  W.  to  rest  ilitf  horseshoe  on,  and  the  deviations  were 
nul  hy  m;>rkini;  dots,  as  before,  on  the  paper,  at  the  ends  of 
•  ncoilk-.  The  ciUangeiit  of  the  resulting  deflection  at  each 
iiion  i;.i\c  the  force  of  .U  at  that  point.  This  becomes  evi- 
111  lioiii  I'ii;.  .'.'7:  M  is  the  magnet.  CA  the  direction  of  the 
fdlc  under  its  iullucucc  alone,  and  CB  its  direction  balanced 
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between  jV/  and  the  horseshoe  HH'\  the  length  of  Ihe  side  CA 
may  be  taken  to  represent  the  strength  of  M,  which  alone  is 
variable  in  different  parts  of  the  field,  and  AB  the  strength  of 
the  horseshoe — a  constant;  ACB  is  the  deflection:  then 

cot  ACB  —  -  -5.  whence  CA  =  AB.  cot  ACB. 

By  having  a  circle  on  transparent  material  graduated  to 
cotangents,  and  laying  it  down  on  the  deflection  at  each  sta- 


I 


tion,  the  force  was  read  off  at  once;  and  the  mean  of  the  re- 
sulting figures  at  corresponding  symmetrical  stations  are 
given  in  Table  23- — values  of  the  large  magnet's  force. 

These  were  resolved  longitudinally  and  transversely  to 
the  magnet  .1/,  by  constructing  on  each  as  liypothenuse,  a 
right-angled  triangle  whose  sides  were  the  components 
sought:  these  are  given  in  Table  24  for  points  whose  coor- 
dinates have  the  center  of  the  magnet  for  their  origin. 

When  the  large  sheet  of  paper  was  removed  from  the  top 
of  the  table  A.  it  exhibited  in  short  delicate  lines  the  direc- 
tions of  the  needle  at  the  several  stations;  the  paper  was  then 
folded  along  its  axis  .v.r'.  Fig.  22,(1.  and  held  against  a  window- 
pane  so  that  the  lines  on  each  half  were  clearly  visible;  as  they 
were  symmetrical  on  both  sides  of  the  magnet,  they  should 
coincide;  when  such  was  not  the  case,  a  line  was  drawn  mid- 
way between  them  as  the  mean  direction;  the  paper  was  then 
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unfolded,  and  again  doubled — this  time  on  the  axis  37',  Fig. 
226,  and  the  previous  operation  repeated:  the  mean  of  these 
directions  are  those  given  in  Fig.  223  as  the  direction  of  the 

Table  33. 

magnetic  force  of  a  large  magnet  m,  fig.  223.  at  the 
points  or  stations  in  its  field  denoted  by  the 
numbers  around  [t. 


N  umber,  .A 

he  Sutioot. 

sfliion. 

PrcKniidir  iti  TIM 
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17 

30 
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3 

H 

16 
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4 

13 

19 

aS 

S66 

480 

S 

27 
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54SI 

6 

>6 

bia 

480 

7 

39 

■5 

S'S 

454 

s 

9 

33 

=4 
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160 

584 
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yi 

49 

5" 

68 

>63 

165 

?j 

48 

5» 

67 

191 

I  S3 

J4 

47 

53 

66 

aa4 

46 

S4 

65 

«3S 

217 

jt- 

4} 

55 

64 

197 

37 

56 

63 

193 

iBo 

43 
41 

57 

6a 
61 
60 

"75 

"73 
177 
193 

■  at  the  several  stations,  that  is,  the  direction  of  the 
It  tho  tnajinct. 

\\ill  bo  scon  that  they  converge  toward  two  points— 
mo-twoltih  (^,'j^  the  length  of  the  bar  from  its  end,  and 
lu-  tho  poles.  Tables  -'ji  and  J4  are  instructive  as  show- 
0  \.u_\ini;  snonj^ih  of  the  field. 

.ul.Htioii  lo  tho  iWoiroin^  methods  of  tracing  the  hnes 
■0,  tho>  m;i\  ;tls>>  bo  niado  both  luminous  and  audible, 
l.u  j;o  oIooti>Muaj;iioi  be  alive  with  a  powerful  alternating 
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current,  and  its  intermittances  will  fill  the  surrounding  space 
with  ether  waves,  wliich,  if  traversed  by  a  small  coil  con- 
nected to  a  telephone,  will  actuate  this  into  a  variable  hum 

Table  ii4. 


[Cols.  (6)  and  (;)  of  Table  as],  wiih  the  Coiirdinates  of  ihe  Points  of 
Field  for  which  the  Force  is  given,  the  Center  of  ihe  Magnet  M. 
Fig.   333,  being  the  Origin  of  Coordinates. 
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that  strikes  the  ear:  or.  if  the  coil  be  connected  to  a  little  in- 
candescent lamp,  this  will  glow  and  fade  as  the  furrowed  ether 
field  is  crossed,  and  thus  give  ocular  evidence  of  its  condition. 
175.  The  feattires  of  the  magnetic  field  produced  in  air 
and  water. ^ — The  view  taken  of  the  electromagnetic  jihe- 
nomcna  with  which  this  Treatise  is  especially  concerned,  is 
I  that  they  are  due  to  waves  of  the  ether  of  space;  that  these 
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waves  are  caused  by  vibrations  of  the  atoms  of  matter; 
the  same  atom  has  different  vibrations,  jusi  as  a  tense  piano*  1 
wire  vibrates  as  a  whole  and  also  in  sections  of  varied  length. 
giving  out  the  fundamental  note  and  its  harmonics;  and  that 
these  several  vibrations  of  the  atom  give  rise  to  waves  thaLi 
produce  heat,  light,  and  chemical  action,  as  well  as  e]ectr<^ 
magnetic  effects. 

Numerous  facts  have  been  cited  to  show  both  the  existj 
ence  of  the  ether  and  the  waves  in  it:  another  may  be  addet 
to  the  number — communication  by  wireless  telegraphy. 

That  a  little  instrument,  under  the  motive  power  of  3 
electric  current,  can,  without  visible  connection,  affect  aa^ 
other  instrument  miles  away,  through  fog  and  rain  and  drt^ 
ing  gale,  and  even  through  the  dense  rock  of  mountaj 
range,  and  this  by  sympathetic  movement  only,  when  the  s 
ond  instrument  is  attuned  to  the  first  and  the  waves  fall  uport 
it,  like  the  timed  impulses  upon  a  swing,  before  it  will  re- 
spond in  intelligible  language — that  this  can  be  done  and  is 
an  accomplished  fact,  over  a  hundred  miles  of  distance, 
truly  as  good  proof  of  the  existence  of  a  medium  for  the  ele( 
trie  impulse  as  that  vocal  vibrations  require  air  for  their  tran! 
mission. 

The  air  will  not  respond  to  the  electric  voice,  and  if  r 
ing  as  the  hurricane,  will  not  interfere  with  it;  so  that  anoth^ 
medium  must  intervene;  and  waves  other  than  its  own- 
in  the  ether — will  not  affect  an  electromagnetic  instrumeftl 
the  actinic  ray,  the  ray  of  light,  or  the  ray  of  heat  might  beaH 
forever  on  a  galvanometer  without  turning  its  needle  from 
the  meridian;  but  let  a  dynamo  begin  molding  the  ether  into 
waves  that   proceed  along  a  wire,  and  at  once  the  needl4 
swings  from  rest  and  acquires  a  permanent  deviation. 

Water,  air.  a-nd  glycerine  are  but  fluids  of  differing  d 
sity,  anil  perhaps  the  ether  of  space  is  a  fluid  also;  and  air. 
water,  and  glycerine  around  pulsating  bodies  acquire  an  al'- 
normal  condition  whose  features  are  identical  with  those  of 
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the  stressed  ether  about  electric  and  magnetic  bodies.  The 
water  is  clearly  before  our  eyes,  and  its  condition  is  the  result 
of  mechanical  movement  at  our  hands;  but  the  ether  and  the 
method  of  producing  its  stressed  state  are  not  within  the 
scope  of  experimental  demonstration:  yet  when  the  results  in 
the  one  and  the  other  are  the  same,  it  is  but  fair  to  infer  that 
tlieir  causes  may  also  be  identical. 

The  means  by  which  bodies  are  made  to  vibrate  in  fluids 
will  now  be  described;  the  conditions  thereby  produced,  oc- 
cupy, probably,  the  lower  round  of  a  ladder  at  whose  top 
such  phenomena  as  the  stressed  state  of  ether  around  electric 
and  magnetic  bodies  may  be  found — extremes  of  gradation, 
not  differences  in  kind. 

A  vibratory  motion  of  an  atom  or  body  is  one  in  which  its 
bounding  surface  changes  form:  it  is  a  quivering  of  the  sub- 
stance. A  bell  vibrates  while  emitting  its  decadent  notes,  for 
they  are  due  to  an  inward  and  outward  movement  of  the  rim. 

It  is  conceivable  that  a  change  of  form  may  take  place  va- 
riously, and  thus  give  rise  to  different  kinds  of  waves  in  the 
medium. 

Pulsating  and  vibrating  are  equivalent  terms,  but  oscillat- 
ing is  a  different  motion — it  is  a  to-and-fro  movement  of  the 
body  en  masse,  like  a  penduUiin:  a  blow  to  the  latter  while  os- 
cillating will  set  up  vibration  in  its  particles. 

The  experiments  about  to  be  described,  were  made  by 
Prof.  Bjerknes  and  Mr.  Stroh,  and  the  particular  form  of 
pulsating  body  used  was  a  little  drum  with  elastic  rubber 
heads — Fig.  228, 

Two  such  drums  are  pulsating  in  tlje  same  phase  when 
both  expand  or  both  contract  together,  as  in  Figs.  229  and 
230.  Plate  M;  and  in  opposite  phase  when  one  is  distending 
while  the  other  is  drawing  in,  Figs.  231  and  232:  and  similarly 
with  o-scillating  bodies  when  moving  as  indicated  by  arrows 
beneath  the  balls  in  Figs.  233,  234.  235,  and  236,  Plate  M. 

It  was  found  by  these  experiments  that   there  is  close 
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analogy  between  the  mutual  effects  of  pulsating  and  oscillit- 1 
ing  bodies  on  the  one  hand,  and  thereciprocal  action  of  mag- 1 
netic  poles  and  of  electrified  bodies  on  the  other;  but  with  I 
this  qualification:  in  all  cases,  the  mechanical  result  is  tliel 
converse  of  the  electromagnetic. 

The  law  of  variation  of  force  in  both  the  mechanical  and  1 
electromagnetic  fields  is  the  same  in  all  cases — ^inversely  as-l 
the  square  of  the  distance. 


Fi.;.  237. 


Fig.  237  represents  the  apparatus  used  in  the  expeii-1 
ments;  two  little  dnims  (Fig,  ^28)  are  immersed  in  water.  ( 
held  in  the  hand  by  a  flexible  tube  that  leads  to  a  small  a 
pump,  and  the  other  fitted  to  the  end  of  a  delicate  rod  thS 
has  motion  on  a  pt\-ot.  like  a  compass-needle;  this  drum  a 
connects  with  another  pump  by  a  flexible  tube;  the  [ 
of  both  pumps  are  moved  by  a  wheel  with  connecting-rot 
as  shown,  and  they  are  susceptible  of  such  arrangement  t 
the  drums  may  pulsate  in  tiie  same  or  opposite  phase  as  (j 
sired. 

When  the  drum  in  the  hand  is  brought  within  the  i 
tncc  of  the  other,  and  both  are  pulsating  in  the  same  phi 


THE   MAGNETIC  FIELD. 


^=^-     =pJ==a 


402 


VET2C  CONDITIOX  11/  SMALL   MASSES. 


the  pivot  .rum  will  move  up  to  the  hand  drum — showing 
attraction;  this  is  the  converse  of  two  similarly  electrified 
bodies,  or  two  like  magnetic  poles:  on  the  other  hand,  when 
the  drums  are  pulsating  in  opposite  phase,  the  pivoted  drum 
is  repelled,  which  again  is  the  converse  of  the  electric  and 
magnetic  cases. 


To  depict  the  lines  of  force  in  the  fields  of  pulsating  bodies, 
another  apparatus,  Fig.  238,  is  used  in  connection  with  the 
trough  of  water  and  little-pumps:  it  consists  of  a  metal  ballB 
supported  on  a  pedestal  by  an  elastic  steel  rod;  wherever 
placed  in  the  water,  the  ball  oscillates  along  a  line  of  force, 
that  is,  in  the  direction  in  which  the  waves  raised  by  the  pu'' 
sating  body  are  moving;  a  fine  wire  with  a  camel's-hair  brush 
at  the  end  C,  extends  upward  from  the  ball,  and  as  this  latter 
moves  to  and  fro  under  the  ijnpulse  of  the  waves,  the  brush- 
partaking  of  the  motion — traces  out  the  lines  of  force  on  the 
under  side  of  a  pane  of  smoked  glass. 

By  such  means  the  mechanical  fields  in  water  due  to  va- 
ried conditions  of  the  pulsating  bodies  were  deHneated:  they 
are   represented  by  the  odd-numbered  drawings  from  Fig. 


THE   MAGNETIC  FIELD. 


403 


-239  to  255,  while  the  even-numbered  drawings  from  Fig,  240 
to  256  represent  the  magnetic  and  electric  fields  produced  by 
-corresponding  conditions,  formed  by  Iron  filings. 


s-\\ji///. 


'^M^s 


Fig.  239  shows  the  effect  of  a  small  bladder  distending 
and  collapsing,  and  Fig.  240  thai  of  a  single  magnet  pole — ■ 
straight  Hnes  radiating  from  a  center  in  both  cases. 

Fig.  241  exhibits  the  result  of  a  single  body  oscillating 


/^;>i>  1 
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Fig.  lit. 

along  a  line  corresponding  to  the  axis  of  a  magnet  whose 
field  is  depicted  in  Fig.  242:  l>oth  have  radial  lines  from  each 
end  gradually  curving  toward  arches  on  the  sides. 

Fig.  244  represents  the  field  of  two  similar  magnet  poles, 
and  Fig.  243  the  effect  of  two  bodies  pulsating  in  the  same 
phase,  as  in  Figs.  229  and  230;  the  trains  of  waves  caused  by 
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both  drums  meet  midway  and  are  forced  outward  from  a 
center  exactly  as  the  lines  of  iron  fihngs  are  by  mutual  repul- 


m 
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Fig.  246  shows  the  field  of  two  poles  of  opposite  name. 
and  Fig.  245  that  of  two  bodies  pulsating  in  opposite  phase, 
as  in  Figs.  231  and  232:  as  the  faces  of  both  drunu  a^c  mov- 
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ing  in  the  same  direction  at  the  same  time,  the  trains  of  waves 
from  them  merely  flow  back  and  forth  between  them  and 
radially   outward   elsewhere;   and  this,   too,   is   perhaps  the 
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movement  of  the  ether  that  causes  the  iron  tilings  to  assume 
exactly  similar  curves. 

Figs.  247  and  248  exhibit  a  comliination  of  the  effects 
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shown  separately  in  the  four  preceding  figures — two  mag- 
netic poles  of  the  same  name  and  one  of  a  different  name  c 
trasted  with  two  bodies  pulsating  in  the  same  phase  and  one 
in  opposite  phase:  the  lines  of  force  in  both  cases  are  iden- 
tical. 

Figs.  249  to  256  represent  analogies  between  oscillating 
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-aai  the  exper»eots  were  ptf- 

glycerine.     F^,  250  reprf- 

Jad.  Ftg.  249  tint  abottt  a  cviiD- 

n  Kfce  the  hibBce-wfaeel  of  l 


■«rife  mt  cySnder  being  perpenciiciilar  to 
_..  -M^  "  "^'iJi  cases  Ihe  lines  of  force  fom 
.3*  (un  rise  ajox-tng  surfaces.  Figs,  jji  and 
iM^i  c^mintuas  li?  the  preceding,  except  that 
^.^upraumaily  to  the  moving  surfaces:  and 
^  it  »n»  are  parallel  to  these  sur- 

.;g^  -Ai*  *»is  of  two  currents  and  two 

pbne  of  the  paper:  the  cur- 

"  the  cylinders  oscillate  in 

a  Wt;  and  the  similarity  of 

ctirrents  running  in  op- 
Fig.  255  that  of  two  cylin- 
*s  if  connected  bv  cog- 
identity  of  the  lines  of 

the  ether  of  space  only 
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in  density  and  viscosity — ^by  a  loiig  stride,  to  be  sure,  but  still 
a  step  through  stages  of  matter — have  been  produced  lines  of 


A'" 
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force  that  are  identical  with  those  excited  in  the  ether  by 
magnetic  and  electric  means:  vibrating  and  oscillating  bodies 
of  bulk  and  weight  gave  rise  to  the  abnormal  conditions  in 
the  gross  fluids,  and  it  is  quite  possible  that  similar  motions  of 
_aioms  cause  the  same  in  the  refined  ether. 

The  effects  of  pulsating  bodies  in  air  will  now  be  de- 


scribed.   Fig.  257  represents  the  apparatus  used:  it  consists 
essentially  of  two  air-pumps  which  may  be  actuated  by  an 
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electric  current  in  such  way  that  either  like  or  unlike  phase 
of  two  pulsating  drums  is  produced  at  will.  The  air-pumps 
are  at  A  and  B  beneath  the  table,  and  the  battery  E  suppliet 
the  current  which  is  controlled  by  the  keyboard  at  C,  Flex- 
ible tubes  lead  from  the  pumps  and  convey  air  to  the  little 
drums  p  and  q\  upon  the  table  the  tube  D  has  one  of  these 
drums  at  its  end,  the  tube  being  pivoted  at  F  so  as  to  have 
free  motion  in  a  horizontal  plane.  When  the  putnp  connec- 
tions are  so  arranged  that  air  i.s  forced  out  or  sucked  in,  in 
both  drums  at  the  same  instant,  producing  the  condition  oi 
their  elastic  heads  seen  at  wi  and  h,  Fig.  25& — -that  is,  same 
phase — this  will  give  rise  to  attraction  between  the  drums, 
and  if  q  is  held  in  tlie  hand,  p  will  move  up  to  it  even  from 
some  litllc  distance;  but  when  arranged  so  that  one  drum- 
head is  bulged  out  coincidently  with  the  other  being  drawn 
in,  as  at  /i  and  k.  Fig,  .259 — that  is,  opposite  phase — this  mil 
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Fig.  258. 


Fig.  359. 


cause  repulsion  between  the  drums,  and  if  q  be  beld  in  the 
hand,  p  will  move  away  from  it. 

It  will  be  observed  that  these  phenomena,  like  the  similat 
ones  in  water,  are  the  converse  of  the  magnetic  and  electric 
effects. 

For  further  experiments  in  air,  the  apparatus  is  arranged 
as  in  Fig.  260,  where  the  tubes  are  supported  by  rods  tn  such 
way  that  the  drums  may  be  drawn  apart  to  any  desired  dis- 
tance. 
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A  pulsating  body  creates  waves  in  air  just  as  in  water, 
1  the  directions  they  take,  indicate  the  lines  of  force:  to 


lap  them  out,  a  small  g'as  flame.  Fig.  261,  is  used,  as  it  will 
low  in  the  direction,  and  to  the  extent  of  the  amplitude,  of 


I 


e  wave.    By  carrying  such  a  flame  all  over  the  field  affected 

r  both  of  the  drums  of  Fig.  260  when  pulsating,  and 

■efully  observing   and   recording   the   motions,   the   three 

,  262,  263,  and  264,  were  obtained:  the  first  is  from  a 

jle  membrane:  the  second  from  two,  pulsating  in  the  same 

lase;  the  third  from  two,  in  opposite  phase:  and  the  identity 

1  with  the  fields  around  magnetic  poles  is  apparent. 
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It  is  a  curious  fact  that  a  little  vane,  Fig.  265,  with  two 
wings  will  corae  to  rest  in  every  case  at  right  angles  to  ihe 


Pic.  364. 

1 1   ther  means  of  mapping  them  out,  as 
"■ — h         jiroduced  by  the  pulsating  drums 
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Fig.  260,  and  in  which,  again,  we  find  the  same  features 
It  have  already  been  depicted. 

In  order  to  compare  the  field  of  air.  Fig.  266,  with  a  field 
ether  under  magnetic  strain,  the  apparatus  of  Fig.  267  was 
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■d:  it  consists  of  two  electromagnets  whose  pole  ends  are 
:  same  size  as  the  pidsating  drums  of  Fig.  260:  like  those, 
ty  can  be  drawn  apart  to  any  distance,  and,  by  means  of  a 
■board,  can  be  converted  into  poles  of  like  or  unlike 


itfih-board,  can 
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name  to  correspond  with  the  drums  in  like  or  unlike  phase. 
Thus  there  is  complete  analogy  between  the  two  instruments 
(Figs.  2fio  and  267),  the  first  to  produce  trains  of  waves  in  air 
by  visible  pulsating  membranes,  and  the  second,  waves  in 
the  hypothetical  ether  by  the  assumed  vibration  of  atoms. 
To  make  this  magnetic  field  visible,  a  card  was  cut  to  the  out- 
line of  the  space  between  the  poles  of  the  magnets  and  placed 
in  the  horizontal  plane  of  their  axes;  iron  fihngs  were  strewn 
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on  this  cardboard,  and  with  the  magnet  alive  and  poles  first 
of  the  same  and  then  of  different  name,  the  characteristic 
fields,  Fig.  268,  were  obtained:  it  will  be  seen  that  they  are 
identical  with  the  fields  of  air  of  Fig.  266  obtained  by  the  me- 
chanical instrument  of  Fig.  260. 

Ne.vt.  a  little  platform,  £,  Fig.  267,  having  a  wire  frame 
on  which  an  iron  disc  D  about  a  centimetre  in  diameter  was 
suspended,  was  placed  equidistant  between  the  electromag- 
nets, and  the  current  turned  on:  when  the  poles  were  of  same 
name,  the  disc  stood  at  right  angles  to  the  axes  of  the  mag- 
nets, and  when  of  different  name,  parallel  thereto — in  both 
ca.ses  parallel  to  lines  of  force,  as  may  be  seen  by  comparison 
with  Fig.  268.  The  action  upon  the  iron  disc  to  produce  such 
results  was  of  course  electromagnetic  induction. 

Now  placing  the  board  £  with  its  disc  D  between  the  pul- 
sating drums  of  Fig.  260,  the  following  is  observed:  when  the 
dpunis  vibrate  in  like  phase  the  disc  turns  parallel  to  their  ' 
axes,  and  when  in  unlike  phase,  at  right  angles  thereto-^that 
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is.  in  both  cases  across  the  aerial  lines  of  force,  as  the  little 
vane  did,  and  the  exact  converse  of  the  magnetic  case,  when 
the  disc  was  placed  between  the  live  electromagnets,  where 
it  stood  parallel  to  the  lines  of  magnetic  force. 

The  force  which  produces  these  effects  is  not  the  same  in 
all  parts  of  the  field:  between  the  membranes  in  unlike  phase 
and  the  poles  of  contrary  name — see  B  in  both  Figs.  266  and 
268 — the  greatest  directive  force  is  in  tiie  center  on  the  axis; 
while  between  membranes  in  like  phase  and  similar  poles — 
see  A  of  both  Figs.  266  and  268— the  greatest  force  is  near 
the  circumference  of  drum  and  pole — in  which  both  the  me- 
chanical and  magnetical  fields  agree. 


Fig.  367. 

In  the  preceding  experiments,  the  effect  of  two  different 
fates  of  vibration  of  the  pulsating  membranes  was  tried,  that 
is,  one  drum  of  the  pair  pulsating  faster  than  the  other  per 
second:  and  in  every  possible  combination  of  two  different 
rates,  only  attraction  resulted:  therefore  it  would  seem  that 
the  only  conditions  upon  which  repulsion  can  be  had,  are,  that 
the  vibrations  of  the  two  membranes  be  absolutely  of  the 
same  rate  per  second,  and  that  they  be  in  opposite  phase;  and 
this  would  lead  to  the  assumption  that  if  magnetism  is  due  to 
the  vibration  of  some  medium,  the  rate  of  vibration  of  that 
medium  must  be  the  same  in  all  magnets,  that  is  to  say,  one 
particular  rate  of  vibration  of  the  medium  would  constitute 
magnetism. 
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Thus,  in  air,  water,  and  glycerine — three  widely  differii 
fluids — it  has  been  shown  that  an  abnormal  condition  aris 
around  vibrating-  and  oscillating  bodies,  and  that  this  me- 
chanical field  bears  the  closest  analogy  in  its  features  to  the 
field  of  elher  around  a  steel  magnet  or  a  cylindrical  coil  of 
wire  aiive  with  electricity:  one  more  condition  remained  to 
tested — the  stress  in  the  ether  around  a  static  charge  on 
body,  and  this  has  recently  been  done. 

Upon  a  pane  of  glass  fine  mahogany  sawdust  was  sifti 
to  form  an  even  layer;  to  ihe  nnder  side  of  the  glass  two 
cles  of  tin-foil  were  pastetl  and  connected  by  wire  with 
Wimshurst  machine.     When  one  circle  only  was  char; 
with  either  kiml  of  electricity,  the  sawdust  settled  into  radisP 
lines  exactly  as  iron  filings  do  on  a  sheet  of  paper  above  one 
pole  of  a  vertical  magnet;  when  both  circles  were  charged 
with  the  same  kind  of  electricity,  the  sawdust  assumed  ibe 
characteristic  curves  of  two  magnet  poles  of  same  name  op- 
posed to  each  other;  and  when  the  charges  were  respecnvelyj 
plus  and  minus,  the  sawdust  took  form  identical  witfi  thftj 
filings  around  a  north  and  a  south  pole  facing  each  other.. 
The    sawdust — apparently    non-magnetic — behaves    exactifl 
like   the   intensely   magnetic   iron   filings;   and  the  question 
arises,  Why?     The  flux  from  the  magnets  converts  the  paf' 
tides  of  iron  into  so  many  minute  magnets  which  join  end  to 
end  and  form  the  visible  lines  of  force:  and  such,  no  doubt,  is 
also  the  case  with  the  grains  of  wood.     Nearly  all  substances 
in  nature  are  magnetic — variously,  to  be  sure,  and  the  gap 
Ijetween  iron  and  wood,  in  the  scale,  is  well  shown  by  tl 
avidity  with  which  (he  filings  of  the  one  will  line  up,  coi 
pared  with  the  feeble  movement  of  the  grains  of  the  othi 
which  must  be  coaxed  into  shape  by  continued  tapping" of 
glass. 

176.  Analytical  investigation  of  the   magnetic   field.' 
Every    experimental    examination    of    a    magnetic    field — 
whether  of  a  steel  bar,  an  iron  ship,  or  the  terrestrial  globe 
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involves  the  employment  of  instruments  whose  chief  part 
a  magnetic  needle:  this,  too,  has  a  iield  of  its  own,  so  that 
the  procedure  reduces  to  the  action  of  one  mag^netic  field 
upon  another,  and  this  action  is  the  object  of  the  mathemat- 
ical inquiry. 

The  intensity  of  any  point  of  a  simple  field  due  to  one 
magnet  will  first  be  investigated;  and  then  the  complex  field 
of  two  magnets  and  the  Earth,  with  the  magnets  in  both  the 
broadside  and  the  end-on  position. 

In  Fig.  269,  let  P  be  any  point  in  the  field  of  the  steel 
.magnet  NS:  the  magnetic  intensity  along  a  line  of  force  be- 
ing a  stress  in  the  ether,  similar  to  the  tension  of  a  rubber 
nd,  its  direction  and  amount  may  be  represented  by  PR, 
'from  the  positive  toward  the  negative  pole — the  line  a  small 
leedle  would  take  at  P  if  free  to  move  horizontally;  its  com- 
ments in  the  direction  of  the  poles  are  Pn'  and  Ps . 


The  center  of  the  magnet  being  the  origin  of  coordinates, 
those  of  P  are  OA  =  x  and  AP  =  y. 

If  2i  be  the  exact  length  of  the  magnet,  m  the  total  inten- 
sity of  each  half,  and  M  the  magnetic  moment  of  the  bar,  then 
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It  will  be  shown  that  M  can  be  determined  in  dynes,  whence 
M 


that  is,  we  can  ascertain  the  strength  of  each  pole  in  dynes. 
As  the  strength  of  pole  varies  inversely  as  the  square  o( 
the  distance  from  it,  we  have  for  tlie  intensity  of  each  pole 
atF, 


rfi' (3) 

" (4) 

d-*  =  AP^  -\-  AS^; (5) 

e"  =  i>»  +  AN*; (6) 

AP  =  :y; (;) 

AS  =  {x-\-i): (8) 

a'n={x-  I) (9) 


By  Fig.  269, 


By  projecting  the  components  Ps'  and  Pn'  on  a  parallel 
'and  a  perpendicular  to  the  magnet,  as  in  Fig.  270,  we  form 
the  triangles  bPs'  and  cPn',  similar  to  APS  and  APN,  Fig. 
269,  respectively,  since  the  corresponding  sides  are  parallel; 
tlie  angles  of  both  sets  of  triangles  are  therefore  equal  and 
their  trigonometrical  functions  the  same. 

To  resolve  a  force,  is  to  multiply  it  by  the  cosine  of  the 
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angle  between  its  old  and  new  directions;  hence  we  have  the 
following  direction-cosines: 


.^_            AS  (^  +  0 

cos  ASP  = -r-  =  —  ^^ — ^^;        .      .     (i 


d  d 


o) 


COS' APS  = ^    =    —   ^;         .       .       .       .       (ll) 


COsANP=   =^ ^;      ....       (12) 


cos  APN=—  ^  ^\ (13) 


and,  therefore,  multiplying  (3)  and  (4)  by  these  cosines,  we 
have  the  resolved  components: 

OS   =  —  -^3  ^3-;    ....      (14) 


^«  =    ^3 ^; (15) 


Pb^ -—!-'. (16) 

and 


Pc^—/- (17) 

The  sum  of  (14)  and  (15)  gives  the  whole  force  in  the  axis 
of  X,  and  of  (16)  and  (17)  that  in  F;  that  is, 
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r  =  Pk=^m.j^(jj^^); (19; 

R  =  ^RK^  +  PK'  =PR=z  Vx^  +  Y\   .     .     .     (20) 

Let  RPK  =  ^,  the  angle  the  resultant  makes  with  the 
axis  of  Y;  then 

~  ^~  J"  ~ >(^  -  '^') — *    ^  ^ 

Equations  (18)  to  (21)  determine  completely,  for  .any  point 
of  the  field,  the  components  of  the  intensity  parallel  and  per- 
pendicular to  the  magnet,  and  their  resultant  value  and  its 
direction. 

If  d  =  e,  or  the  point  P  is  on  the  axis  of  Y,  Fig.  271,  we 
have  from  (19)  and  (21),  F  =  o,  tan  tf  =  »,  hence  ^=  90°; 
and  from  (18), 

__      2m .  I  _^       M 
X=        ^3 -ji,      .     .     •     .     (22) 

which  alone  is  the  intensity  of  the  field;  by  means  of  (5),  (7), 
and  (8),  this  becomes 

""      1/  +  (^  +  OMI  ~     (/  +  Of '  •    ^'^^ 

since  jr  =  o,  P  being  on  the  axis  of  F. 

If  the  point  P  is  on  the  axis  of  X,  then  y  =  o,  and  equa- 
tions (19)  and  (21)  become  F'=o,  tan6'=x>  .-.  6^  =  90''; 
and  we  have  as  before,  equation  (18)  for  the  sole  value  of  the 
intensity;  in  this  case.  Fig.  2^2, 

d=  (x+  i), (24) 

and 

^  =  (^'  -0; (25) 
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d  and  e  being  as  before  the  distances  from  the  ends  of  the 
magnet  NS  to  the  point  P. 

Then  writing  (18)  in  another  form,  and  substituting  the 
values  of  (24)  and  (25),  we  have: 


{x  -\-  ly  ^  {x  ^  If ^^^* 

or 

-^  —  —  /_  I    i\7  ~r 


_  ,__J I  )   _        2Mx 

-  -  ''^  ( (^  +  0'     (;r  -  /)M  -  (;i^  -  ny  •    ^^7> 

If  the  point  P,  while  on  either  axis,  be  very  distant,  that 
is,  if  y  in  Fig.  271  or  jr  in  Fig.  272  be  so  great  that  /  may  be 
omitted  beside  it,  then  (23)  and  {2y)  reduce  to: 

^=-y> (28) 


and 


^=~^ (-9) 


from  which  it  is  seen  that  the  end-on  position  is  twice  as  pow- 
erful as  the  broadside,  P  being  equally  distant  in  both  cases 
from  the  center  of  the  magnet. 

Now,  let  a  short  needle  be  placed  in  the  axes  of  X  and  F, 
Figs.  272  and  271 :  at  P^  it  is  outside  the  magnet's  controlling 
field;  on  entering  within  the  influence  of  this,  it  will  be  de- 
flected until  it  becomes  parallel  to  the  magnet  at  P^,    Let  2I' 
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be  the  length  of  the  short  needJe  and  hi'  the  magnetic  inten- 
sity of  each  half;  then  its  magnetic  moment  is 

M'  =  2m'. i' (30J 

The  effort  of  the  magnet  NS  is  merely  directive — parallel  to 
the  axis  of  A';  it  may  be  represented  by  two  equal  and  oppo- 
site forces  n'A  and  s'B  as  in  position  f  3  of  the  needle,  and  its 
value  is  given  by  (23)  and  (27):  the  iorqiic,  or  tendency  to  turn 
the  needle,  is  obtained  by  multiplying  together  the  intensity 
tn',  the  force  n'A,  or  s'B,  and  the  perpendicular  distance  be- 
tween these:  that  is, 

m'.  n'A  .  EF,        (31) 

for  Fig.  271,  and 

»,'.  »V)KF+iV) (3=) 

for  Fig.  272.      In  (lie  former  we  have 


whence,  substituting  in  (31)  the  value  of  n'A  given  by  (23) 
and  that  of  EF  from  (33),  we  have  for  the  torque  of  the  mag- 
net NS  upon  the  needle  "V, 

2m'.  I'.  M .  cos  0  _  M'.  M.  cos  e 

for  the  broadside  position,  and  similarly  from  (27)  and  (32). 
2xM'M  cos  B 

{x^  -  py (3S) 

for  the  end-on  position. 
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Finally,  introduce  the  effect  of  the  terrestrial  field.  Its 
directive  power  in  both  cases  is  at  right  angles  to  the  mag- 
net's length,  and  at  /',  alone  controls  the  needle,  while  at  P^ 
the  magnet  alone  controls:  between  these  points  the  needle 
is  variously  deflected — balanced  between  two  couples. 

Figs.  2yi^  and  274  are  enlarged  views  of  the  contending 
fields  at  P^—represented  by  parallel  lines  to  denote  iheir  uni- 
formity, as  each  would  be  in  a  very  small  area,  if  the  other 
were  not  injected  into  it.  The  elTort  of  the  Earth  upon  the 
needle  is  directive,  and  may  be  represented  by  two  equal  and 
opposite  forces,  n'D  and  s'C — each  denoted  by  H  at  the  point 
P3:  the  torque  here,  as  with  the  magnet,  will  be  given  by  the 
product  of  the  intensities  of  the  forces  and  the  perpendicular 
distance  between  them;  that  is, 

nt.  7i1){^'-\-  £'), (36 

for  Fig.  273 :   and 

,„■.  ,fi.£>, (37) 

^for  Fig.  274.     In  the  first. 

H  sin  9  =  sin  »■/■/•  =  ^ (38) 

but 

iTf^E} (39) 

and 

P?'  ^P}' t40) 

whence 

(»^-f  Es')  =  2ffF=  2P}i'  sin  h  =  2/'  sin  $.     .     (41) 

^^^stituting  in    (36)    the   value  of  n'D  =  H,  and  that  of 
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(41),  we  have  :■ 
in  both  Figs,  j; 

2;/.' 

Thus,  for  ever 
at  which  the  ' 
couples  in  e(| 
to  the  magnt- 

M'M  cos  e 

(/  +  ni 

in  broadside; 

2xM^Mcos  ^ 
"Jx"  "^  /y 

end-on  posir 
if  .r  or  Y  be 
(43)  and  (4  : 


and 


.  .        .  s:re.-H  ^ 

.  ■    .       '.xw  I-' 
and  from  tl  -■-.:-  >  iliii-— 


for  broadsi' 


-eiiH-  • 


•  :x 


e. 


for  end-on  : 

While  i'  ■..■■■'■  ^■^^''\ 

the  tr)r(|ue  ■  -     •  ^  -  ^  -^^"^  ''^ 

sitions  ant!  ^-    :   ■.■-  --•  ^''^- 
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gather  into  concentric  rings — lines  of  force.  Consider  a 
group  of  such  rings — Fig.  277:  if  the  current  flow  down  as 
at  W,  there  will  be  apparent  motion  in  each  ring  in  the  direc- 
tion of  the  arrow  at  hi;  if  the  current  How  up,  the  direction 
at  m  will  be  reversed;  in  both  cases,  if  a  north  or  south  pole 


Flo.  375- 


Fig,  476. 


could  exist  alone,  it  would  seem  that  it  should  be  carried 
round  and  round  the  wire  in  a  closed  curve,  but  as  the  poles 
cannot  be  separated  in  any  magnetic  body,  one  is  urged  for- 
ward, the  other  backward,  and  thus  only  a  directive  power  is 
exercised  on  the  needle — it  takes  the  line  of  a  tangent  to  the 
curve,  its  north  pole  pointing  in  the  direction  the  hands  of  a 
clock  move,  if  the  current  be  down;  but  in  the  contrary  direc- 
tion, if  it  be  up. 

Every  fluctuation,  or  break,  in  the  current  causes  a 
change  in  the  lines  of  force  f,  Fig.  277,  It  has  been  shown 
elsewhere  in  this  book  that  the  primary  condition  of  a  current 
is  a  series  of  minute  pulses;  from  these  arise  in  the  ether  a 
succession  of  ripples  that  travel  outward  from  the  conductor: 
the  more  frequent  the  pulse,  the  more  nearly  uniform  the 
current,  and  the  closer  the  ripples,  thus  forming  an  almost 
even  field;  but  when  a  rapid  break-circuit  is  introduced,  the 
successive  interruptions  of  the  current  give  rise  to  waves  in 
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the  ether,  as  in  Fig.  278.  This  expanding  movement — ripple 
or  wave — at  right  angles  to  the  wire  is  the  magnetic  con- 
stituent of  the  field,  the  motion  of  the  ether  that  makes  wire- 
less telegraphy  possible. 


Fta  a^i■ 


Fitf.  a79- 


But  there  is  also  an  electric  constituent,  for  the  field  is 
electromagnetic.  The  discharge  of  a  gun  of  a  ship's  battel)" 
sometimes  sends  a  ring  of  smoke  through  the  air;  and  a  puff 
from  a  cigar  will  do  the  same:  these  are  vortex  rings — Fig. 
279— and  of  such  the  field  around  a  live  -wire  may  be  con- 
ceived to  be  made  up. 

Kach  line  of  force  /,  Fig.  277,  is  the  core  of  a  whirl  c.  just 
as  a  circle  of  wire  may  be  the  axis  of  a  string  of  beads,  all  ro- 
tating upon  it. 

"  It  is  conceded  that  in  every  electromagnetic  field  llie 
ether  is  in  a  rotary  motion  both  about  a  magnet  and  a  wire 
carrying  a  current.  The  rotation  of  an  electric  arc  in  a  mag- 
netic field  shows  it.  and  the  twist  given  to  a  poIarize<l  ray  of 
light  passing  through  it  also  Shows  it.  The  twist  given  to  a 
conductor  through  which  a  current  is  flowing  also  gives  di- 
rect evidence  of  the  same  condition."     {Prof.  Dolbear.) 

Now  con.sider  the  effect  of  rotation  upon  a  quantity  of 
water:  in  Fig.  280  a  vertical  section  of  a  little  vessel  is  rep- 
resented; the  top  and  bottom  are  of  thin  wood  and  the  siJfs 
of  elastic  rubber;  it  is  filled  with  water  and  connected  by  a 
band  with  a  wheel  for  whirling  it. 

When  set  in  rapid  motion,  it  flattens  as  in  Fig.  281,  en 
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ing  a  tension  in  the  direction  of  its  length  as  is  shown  by 
drawing  up  a  weight;  and  if  two  such  vessels  rotate  near  each 


b 


other,  their  bulged  sides  will  push  each  other  away.   Compare 
a  series  of  these  little  rotating  vessels  with  the  whirls  e  strung 


along  the  line  of  force  f.  Fig.  ^y],  and  it  will  he  seen  how  there 
can  be  tension  along  the  circle  i,  and  repulsion  between  every 
two  such  circles  in  the  same  plane.  The  vortex  ring  as  a 
whole  has  a  field  of  influence — one  face  attractive,  the  other 
repellant;  and  if  in  a  series  of  them,  the  »Hiike  sides  look  to- 
ward each  other,  as  in  Fig.  282,  the  individual  efTort  is  aug- 
mented and  transmitted;  but  when  like  sides  look  at  each 
other,  as  in  Fig.  2?ii,  repulsion  alone  takes  place. 

Now,  conceive  the  field  of  a  live  wire  made  up  of  myriads 
of  vortex  rings  arising  in  the  quiescent  ether  from  point  to 
point  with  the  velocity  of  light,  through  some  action  of  the 
source  of  electricity;  and  consider  their  dissimilar  sides  all 
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facing  each  other,  as  Iiead  to  tail  in  a  series  of  coins  strung 
along  a  cord  through  their  centers:  then  we  should  have  the 
electric  tension  along  the  axes  of  the  rings  (or  coins)  parallel 
to  the  conducting  wire,  that  is,  the  pull  or  strain  that  gives 
motion  to  the  street-car;  while  spreading  out  into  space  2 
the  undulations,  from  column  to  column  of  the  vortex  i 
that  produce  magnetic  effects,  as  in  the  case  of  wireless  t 
legraphy:  both  combined — the  onward  and  outward  1 
ment,  constitute  tlie  electromagnetic  wave. 

It  is  evident  from  this  conception  that  the  electric  cot 
stituent  is  not  restricted  to  the  wire,  but  that  there  is  some 
current  even  to  the  confines  of  the  field.  Indeed,  it  is  thought 
that  the  greatest  power  of  the  current  is  not  in  the  wire  at  all, 
but  in  a  thin  skin  of  ether  around  it,  and  that  the  wire  is  only 
a  directing  conduit  through  the  obstructive,  entangled  air — 
a  kind  of  blazed  route,  as  it  were. 

It  must  be  understood  that  this  whole  fabric  of  vortex 
rings,  atomic  rotation,  ether  waves — even  the  ether  itself  is 
inferential:  that  the  mathematical  analysis  of  motions  in  a 
perfect  liquid  lead  to  results  that  have  their  counterpart  in 
the  observed  phenomena  of  electrical  and  magnetical  experi- 
ments and  investigations;  and  that,  granted  the  existence  of 
the  ether,  and  that  it  is  incompressible,  devoid  of  viscosity, 
and  made  up  of  jMrticIes  of  infinite  minuteness  in  closest 
proxiniity^n  a  word,  that  it  is  a  i«rfect  liquid,  then  vortex 
motion  in  it  would  account  for  the  effects  called  electric  and 
magnetic. 

Such  comparison  affords  a  mental  picture  of  observed 
phenomena,  as  the  old  fluid  theory  of  electricity  did;  but 
while  the  latter  was  little  more  than  a  means  of  supplying 
analogies,  the  former  is  a  rational  explanation  that  some  day 
may  be  confirmed  as  the  reality. 

And  yet,  it  is  well  to  remember  that  this,  too.  may  collapse 
— like  the  electromagnetic  field  itself  when  the  current  ceases. 
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Section  Three  :  Lavs  of  Magnetic  Action. 


178.  Attraction  and  repulsion. — If  two  cylindrical  mag- 

i  like  lead  pencils,  be  laid  side  by  side  in  one  way,  they 

nfill  cling  togelher  with  such  tenacity  that  some  effort  is  re- 

1  to  separate  them;  while  if  one  be  turned  end  for  end 

i  again  be  brought  to  the  other,  they  will  now  push  each 

ther  away,  and  roll  apart,  and  cannot  be  made  to  approach 

IKthoui  some  effort. 

They  attract  and  repel,  and  as  either  action  depends  on 
ftiich  ends  are  brought  near  each  other,  it  is  evident  that 
1  ends  of  the  same  magnet  differ  in  some  respect:  those 
tat  attract  are  said  to  be  i(;ilike — those  that  repel,  like.- 

.^nd  although  the  magnets  be  flat  bars  whose  form  pre- 
sits  actual  motion,  this  reciprocal  effort  toward  such  nio- 
one  the  less  exerted;  and  it  exists  between  magnets 
t  every  kind,  size,  and  form — it  is  the  moment,  the  torque, 
lone  magnet  upon  another. 

If  the  two  magnets  diflfer  greatly  in  strength  and  temper. 
\  more  powerful  may  dominate  the  weaker — reverse  Its 
bles — and  thus  always  show  attraction  between  them. 

Between  magnets  of  equal  strength  and  temper,  the  force 
I  attraction  is  greater  than  that  of  repulsion;  because  in  the 
mer  the  opposite  conditions  intensify  each  other,  whereas 
I  the  latter,  like  poles  only  exert  a  benumbing  effect. 

That  the  different  actions  of  the  two  poles  of  a  magnet  do 
[t)t  necessarily  imply  any  radical  difference  in  their  nature, 
t  may  be  some  peculiarity  of  condition,  is  shown  by  a  vor- 
c  ring,  where  the  particles  of  air  and  smoke  in  their  rotary 
■bit  rush  in  on  one  side  and  out  on  the  other,  giving  to  each 
I  accordingly  its  attractive  and  repella-nt  feature;  or  by  a 
icular  wire  alive  with  current,  which  exhibits  north  polarity 
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on  one  side  and  south  on  the  other — the  exact  analogue  of 
a  vortex  ring. 

179.  Induction. — A  magnet  will  excite  a  condition  simi- 
lar to  its  own  in  any  mass  of  iron  or  steel  brought  within  its 
influence — make  of  it  a  magnet  also,  the  near  end  becoming 
unlike,  and  the  remote  end  like,  the  corresponding  poles  of 
the  magnet. 

The  process  is  said  to  be  by  induction  when  the  surfaces 
are  not  in  contact,  though  in  reality  there  is  no  difference  in 
kind  between  the  magnetization  by  the  weak  field  near  its 
boundary  and  that  by  actual  contact  of  magnet  and  iron;  the 
degree,  of  course,  depends  upon  the  intensity  of  the  inducing 
field,  but  it  is  the  Held  in  all  cases  that  produces  the  effect: 
this  fades  as  the  iron  rece<ies  from  the  magnet  and  finally 
vanishes  on  passing  out  of  the  field.  On  the  other  hand, 
while  under  the  spell,  the  iron  strengthens  the  magnet,  ami. 
in  fact,  there  is  a  mutual  intensifying  action,  which,  however. 
soon  reaches  a  limit.  It  is  the  Earth's  field  that  makes  a»more 
or  less  permanent  magnet  of  every  iron  or  steel  ship,  as  well  - 
as  of  every  other  mass  of  either  metal  on  its  surface. 

The  character  of  the  material  determines  both  the  a 
and  retentiveness  of  the  induced  condition:  a  tube  of  pure  * 
wrought  iron  which  has  been  heated  to  redness  and  allowed 
to  cool  slowly,  will  be  invested  with  a  degree  of  magnetism 
scarcely  less  than  the  intensity  of  the  inducing  field,  but  it  il 
as  evanescent  as  a  shadow:  however  rapidly  the  tube  be  re^ 
versed  while  held  in  a  vertical  position,  the  peculiarity  of  poleH 
will  flit  from  end  to  end  with  each  reversal,  and  the  lower  will 
always  be  of  opposite  kind  to  the  Earth's  field,  the  upper  of 
the  same  kind;  a  hard  steel  bar,  on  the  contrary,  is  hut  litlle 
impressed  by  a  mild  field,  but  that  little  it  retains;  and  be- 
tween the.se  extremes  there  are  all  degrees  of  iron  and  steel 
with  varying  receptivity  or  permeability. 

The  inducing  effect  is  in  no  wise  hindered  by  the  inter- 
position of  non-magnetic  substances;  through  wood,  paper. 
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ivory,  copper,  glass,  and  lead;  across  water,  Hame,  or 
vacuum — the  magnet  will  exert  its  influence:  but  iron  slops 
it,  and  within  a  shell  or  other  bounding  wall  of  this  material, 
a  compass-needle  would  experience  IJttie  more  directive  force 
from  the  Earth  or  an  exterior  steel  magnet  than  a  rod  of 
brass  would. 

The  effect  of  interposition  is  only  to  remove  the  iron  or 
steel  into  a  less  intense  part  of  the  field,  where  the  latter,  as 
in  the  case  of  a  bar-magnet,  varies  rapidly  for  short  distances. 

i8o.  Magnetic  force  varies  inversely  as  the  square  of 
the  distance. — The  law  of  inverse  .sqnares  is  general 
throughout  nature:  it  expresses  the  rate  of  variation  of  many 
phenomena — the  gravitation  of  matter,  the  warmth  of  heat. 
the  brightness  of  light,  the  power  of  electricity,  the  intensity 
of  magnetism. 

A  familiar  illustration  of  force  is  a  push  or  a  pull,  and  mag- 
netic  force  exerts  precisely  this  effort,  as  when  two  small 
tubular  magnets,  laid  side  by  side,  will  roll  apart  or  draw  to- 
Ifether  according  to  the  ends  in  juxtaposition. 
^L     The  varying  strength  of  the  field  around  a  magnet  may 
Hpe  likened  to  the  force  of  a  mountain  stream — great  near  the 
^'source;  moderate  with  less  grade  and  wider  bet!:  and  weak 
when  spread  out  into  a  thin  sheet  over  level  ground:  the  rate 
at  which  magnetic  intensity  varies  with  the  distance  from  its 
focus  will  now  be  treated. 

Whatever  uncertainty  exists  about  the  nature  of  magnet- 
ism, there  is  none  about  the  push  or  pull  it  exerts  between 
bodies  endowed  with  it.  Consider,  then,  two  bodies  that  will 
do  this.  Such  are  two  vortex  rings,  Fig.  279,  but  they  are 
unmanageable;  such  also  are  two  currents  of  electricity  in 
circular  conduits,  which  may  be  manipulated  at  will,  and  are 
the  exact  analogue  of  vortex  rings:  both  ring  and  circuit  act 
like  magnets — exert  a  push  or  a  pull  according  to  the  sides 
facing  each  other.  In  the  ring,  we  can  see  the  particles  of 
smoke  rush  inward  on  one  side  and  outward  on  the  other,  so 
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on  one  side  and  south  on  the  other — the  exact  anal 
a  vortex  ring. 

179.  Indnctioii. — A  magnet  wil!  excite  a  conditw 
lar  to  its  own  in  any  mass  of  iron  or  steel  brought  wj 
influence — make  of  it  a  magnet  also,  the  near  end  bo 
unlike,  and  the  remote  end  like,  the  corresponding  1 
the  magnet.  , 

The  process  is  said  to  be  by  indnction  when  the,| 
are  not  in  contact,  though  in  reahty  there  is  no  diffrf 
kind  between  the  magnetization  by  the  weak  field  ■ 
boundary  and  that  by  actual  contact  of  magnet  and  i 
degree,  of  course,  depends  upon  the  intensity  of  the  X 
field,  but  it  is  the  Held  in  all  cases  that  produces  tft 
this  fades  as  the  iron  recedes  from  the  magnet  aft 
vanishes  on  passing  out  of  the  held.  On  the  otil 
while  under  the  spell,  the  iron  strengthens  the  maBj 
in  fact,  there  is  a  mutual  intensifying  action,  which, ! 
soon  reaches  a  limit.  It  is  the  EartJi's  field  that  mak« 
or  less  permanent  magnet  of  every  iron  or  steel  shig 
as  of  every  other  mass  of  either  metal  on  its  sur$0 

The  character  of  the  material  determines  both  tw 
an<l  relentivencss  of  tlie  induced  condition;  a  tub 
wrought  iron  which  has  been  healed  to  redness  ar 
to  cool  slowly,  will  be  invested  with  a  degree  of  ■ 
scarcely  less  than  the  intensity  of  the  inducing  fie 
as  evanescent  as  a  shadow:  however  rapidly  the 
versed  while  held  in  a  vertical  pusition.  the  pecult 
will  flit  from  end  to  end  with  eacli  reversal,  and  t' 
always  be  of  opposite  kind  to  the  Earth's  field, 
the  same  kind;  a  bard  steel  bar,  on  the  contraT' 
impressed  by  a  mild  field,  hut  ili;u  little  it  |« 
tween  these  extremes  there  are  all  degrees  f 
with  varying  receptivity  or  permeabilit' 

The  inducing  effect  is  in  no  wise 
position  of  non-magnetic  substanr 
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that  the  difference  in  behavior  of  the  two  sides  must  be  due 
to  difference  of  movement  merely — two  aspects  of  the  same 
thing:  in  the  electric  circuit,  we  cannot  see  any  panicles 
move,  but  that  there  is  a  difference  between  its  two  sides — 
two  aspects  of  the  same  thing— is  undoubted;  one  face  wil 
attract  the  north  pole  of  a  magnet  and  repel  its  south  pole. 
and  the  other  face  will  do  the  converse  of  this. 

Vortex  rings  can  be  visibly  formed  in  a  material  fluids 
air  and  smoke  mixed — and,  as  already  stated,  the  mathemat- 
ical results  obtained  from  analysis  of  vortex  motion  in  a  per- 
fect fluid  have  exact  analogies  in  liic  electromagnetic  theory. 

Before  proceeding  further  with  the  main  subject,  it  is  nec- 
essary to  define  the  unit  of  measure  of  magnetic  intensity — 
the  dyne. 

It  is  proved  mathematically  that  the  force  of  attraction  of 
the  Earth — gravity — acts  upon  matter  on  its  surface  as  if  the 
bulk  of  the  Earth  were  concentrated  at  its  center:  as  the 
equalorial  radius  is  greater  than  the  polar,  this  difference  in 
the  distance  of  objects  on  the  surface  from  the  center  of  at- 
traction causes  a  slight  difference  in  the  force  of  gravity  from 
equator  to  pole. 


Fig,  284. 


The  weight  of  a  body  is  the  product  of  its  mass  by  the 
force  of  gravity:  the  mass  is  everywhere  a  constant  but  hazv 
factor,  while  gravity  varies  slightly  from  place  to  place,  bm 
is  always  accurately  known.  This  being  understood,  the 
weight  of  a  body  wil!  be  spoken  of  as  representing  it. 
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A  gramme  is  the  weight  of  a  cubic  centimetre  of  distilled 
Iter  at  4°  C.  Let  G,  in  Fig.  384,  represent  a  cube  of  one 
gramme  of  copper:  a  human  force  H  may  push  it,  or  a  weight 
W — that  is,  in  reaHly,  the  force  of  gravity  acting  on  the  mass 
pf  W — may  full  it,  and  either  force  may  be  of  degree  to  pro- 
duce slow  or  rapid  motion. 

Let  the  force  be  exactly  such  that,  acting  on  ihe  cube  G  of 
one  gramme,  it  will  move  it  uniformly  over  a  distance  of  one 
centimetre  iii  one  second:  then  this  force  has  the  value  of  one 
dyne.  The  cnlie  G'  is  supposed  to  move  without  friction  on 
the  table. 

If  the  motion  is  not  uniform,  but  steadily  increasing,  the 
rate  of  increase  per  second  is  a  measure  of  the  force:  under 
the  force  of  gravity  a  falling'hoi'y  steadily  increases  its  veloc- 
ity; at  New  York,  in  vacuo,  the  rate  of  this  increase  is  980 
Centimetres  per  second,  or,  tJie  value  of  (he  force  of  gravity  at 
tKew  York,  per  gramme  of  matter,  is  980  dynes — that  is,  lo 
keep  one  gramme  in  mid-air  would  require  an  upward  pull 
or  push  by  a  force  of  the  value  of  980  dynes:  hence  one  dyne 
is  equal  to-jj^th  of  the  force  of  gravity  at  New  York,  and  as 
the  force  of  gravity  can  be  accurately  determined,  tlie  exact 
>alue  of  the  dyne  becomes  known — it  is  a  determinate  frac- 
tion of  the  force  of  gravity  at  any  place. 

The  Earth's  horizontal  magnetic  intensity  at  Xew  York 
Jias  the  value  of  o.i8g  dyne:  hence,  if  one  pole  of  a  magnet 
could  be  separated  from  the  other,  and  each  weighed  one 
i^amme,  such  pole  would  be  attracted  along  the  magnetic 
meridian  toward  the  Earth's  magnetic  focus  with  a  velocity 
fiteadily  increasing  at  the  rate  of  0.189  centimetre  per  second', 
just  as  a  falling  body  of  one  gramme  would  increase  its  veloc- 
ity by  980  centimetres  in  one  second;  both  these  velocities — 
980  centimetres  and  0.189  centimetre — are,  therefore,  the 
Daeasure  of  the  forces  that  give  rise  to  them — Gravity  and 
Jilagnetism.     N'ow  to  return  to  the  main  sirftject. 

Fig.  285  represenis  a  circular  wire  in  which  there  is  a  cur- 
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rent  as  indicated:  if  a  magnet  be  brought  toward  each  face,  1 
north  pole  nearest  the  ring,  attraction  will  occur  between  I 
pole  and  face  on  the  left,  and  repulsion  on  the  riglii;  if  the   i 
current  be  reversed,  the  converse  uf  this  will  take  place,  as 
shown  in  Fig.  .»86 — thus  proving  the  duality  of  condition  on 
each  side  of  the  circle. 

Fio.  38s.  Fio.  187. 
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Two  such  circles  will  push  each  other  away  or  draw  to- 
gether according  to  the  sides  facing  each  other,  and  the  de- 
gree of  either  effort  will  be  great  or  small  with  the  varying 
strength  of  the  current.  In  fact,  a  circle  carrying  a  current, 
or  any  electric  circuit,  proiluces  a  magnetic  field  around  it 
whose  intensity  is  a  measure  of  the  current — a  field  whose 
exact  equivalent  may  be  produced  by  a  steel  magnet. 

Consider  in  Fig.  287  that  C  is  a  ring  one  centimetre  in  di- 
ameter, supplied  by  current  from  the  hatterj'  B  at  some  dis- 
tance, whose  con<iucting  wires  are  insulated  and  twisted  , 
together  so  as  to  neutralize  each  other's  field  and  leave  only 
that  of  the  ring  to  act;  this  ring  may  be  slid  along  a  rod  pro- 
jecting from  a  pillar:  at  c  is  a  small  horizontal  needle  subject 
to  deflection  from  the  meridian  by  the  field  due  to  the  ring  C 
Comparing  the  deflections  at  C,  C,  C",  etc.,  it  is  found  tliat 
the  force  varies  almost  exactly  as  the  inverse  cubes  of  the 
tlistances  ro,  r'o,  r"o,  etc.:  now  this  is  precisely  the  law  of 
variation  found  for  a  magnet  in  the  broadside  position,  Fig. 
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71  and  equation  (28).  Indeed  if  a  magnet  be  provided  of 
uch  moment  as  to  balance  exactly  tlie  needle  NS  against  the 
jfietd  of  the  ring  in  one  position,  it  will  maintain  the  equilib- 
fium  in  all  corresponding  movements  of  ring  and  magnet, 
Ethns  proving  their  complete  equivalence.  The  force  of  the 
jfield  due  alike  to  current  and  magnet  is  measured  in  dynes. 

\ow  conceive  two  circles  to  shrink  to  molecular  size  and 

carry  currents  of  such  strength  that  the  field  of  each  exerts 

upon  the  other  the  force  of  one  dyne  at  the  distance  of  one 

centimetre:  then  these  circles  represent  unit  magnet  poles,  for 

^^hey  are  equal  to  them;  and  of  such  unit-circuits  a  magnet  of 

^nny  size  may  be  built  up.     Let  one  of  the  unit-circles  be 


N  or 


i 


placed  at  each  end  of  a  glass  filament  one  centimetre  long, 
the  north  face  of  one  and  the  south  face  of  the  other  outward, 
as  in  Fig.  288.  and  this  system  represents  a  magnet  of  unit 
magnetic  moment. 

If  two  unit-circuits  be  placed  near  together  in  the  same 
vertical  plane  with  similar  faces  looking  the  same  way,  they 
will  exert  an  cfifort  twice  as  great  as  one  circle  would;  three 
will  exert  three  times  the  effort;  and  any  number  of  circles, 
will  exert  m  times  the  effort,  which  will  be  plus  or  minus 
iccording  to  the  faces  considered:  similarly,  any  other  mul- 
[ple, «(',  of  unit-circles  will  do  the  same,  so  that  we  have  for 
ted  effort  of  each  group,  ±  m  and  ±  »i':  now  when 
lese  two  groups  are  brought  within  each  other's  influence, 
ivery  unit  of  the  one  will  exert  its  effort  <x\  every  unit  of  the 
ither,  which  is  equivalent  to  saying  that  the  combined  effort 
\i  both  groups  is  equal  to  their  product,  -|-  mm'  or  — mm', 
according  to  the  side  consi<lered,  the  plus  sign  indicating 
that  like  faces  are  in  juxtaposition  and  produce  repulsion. 
while  the  minus  sign  indicates  that  unHke  faces  are  so  placed 


ami  produce  attraction.  This  agrees  with  the  algebraic  con- 
vention that  like  signs  produce  plus  and  unlike  minus. 

But  the  magnetic  force  between  two  bodies — whether 
they  he  congeries  of  unit  electric  circuits  or  of  molecular  steel 
magnets — is  modified  by  the  medium  surrounding  them.  If 
this  be  air,  it  may  be  cmisidered  unity,  for  any  alteration  of  its 
magnetic  properties  with  ordinary  pressure  and  temperature 
is  imperceptible;  but  if  it  be  anything  else,  the  force  will  vary, 
and  the  variation  is  represented  by  ^  ;  this  is  called  the  mag- 
netic permeability  of  the  medium,  and  depends  on  some  un- 
known physical  property;  hence  }i  cannot  be  determined  ab- 
soltilely  for  any  medium,  but  only  its  ratio  for  different  me- 
diums. If  the  bodies  m  and  »«'  be  immersed  in  a  strong  sohi- 
tion  of  iron,  for  instance,  the  force  between  them  will  be  less 
than  in  air.  If  ;*  is  large,  the  force  is  small,  for  the  medium 
iibsorbs.  as  it  were,  the  field  of  each  body  to  some  extent. 

Regarding  the  law  of  inverse  squares  proved,  as  it  will  be 
presently,  we  can  now  express  the  value  of  the  force  F  ht- 
Uveen  two  magnetic  bodies  of  any  size,  in  any  medium,  and 
at  any  distance,  by  the  equation 

mm' 
'■  =  ±  -,.- (49) 

the  upj>cr  sign  denoting  nmtnal  repulsion  and  the  lower  mu- 
tual attraction.  Their  tiekls  are  inextricably  mingled:  if  the 
btuHos  be  moved  closer  together  or  further  apart,  this  will 
chaii«;c  the  intensity  of  their  joint  field.  Two  such  mutually 
dependent  quantities  are  said  to  vary  directly  when  both  in- 
crease or  decrease  together,  but  inversely  when  one  rf^creases 
while  the  other  Jiicreases.  and  this  is  the  case  with  magnetic 
intensity  and  distance. 

fnnsider  ilisiances  of  i.  J,  and  3  inches  from  a  focus  oi 
magnetism:  if  ihc  intensity  be  unity  at  one  inch  and  it  varies 
inversely  as  the  distance  simply,  it  will  have  the  value  I  at 
one  inch,  i  at  two  inches,  and  ^  at  three  inches;  if  it  varies 
inversely  as  the  .Mjuarc  of  the  distance,  that  is,  i"  =  i,  2*  =  4, 
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3-  =  9,  it  will  have  the  value  i  at  one  inch,  \  at  two  inches,  \ 
at  three  inches;  if  it  varies  inversely  as  the  cube  of  the  dis- 
tance, that  is,  i^  =  1,2^  =  8,  3^  =  2yy  it  will  have  the  value  i 
at  one  inch,  ^  at  two  inches,  -^^  at  three  inches;  and  it  is  evi- 
dent that  it  may  vary  according  to  any  other  power,  either 
whole  or  fractional,  of  the  distance:  the  experimental  means 
of  determining  the  exact  ratio  will  now  be  described. 

The   law   presupposes   interaction   between   very   small 


Fig.  289. 

bodies— even  points,  and  is  not  at  all  true  for  extended  sur- 
faces like  the  polar  areas  of  large  magnets:  furthermore,  the 
near  poles  of  both  magnets  are  alone  considered,  whereas  the 
remote  ones  cannot  be  ignored,  for  they  do  modify  the  effect, 
lessening  it. 

There  are  four  principal  methods  of  determining  the  law 
of  magnetic  force:  ist,  by  oscillations  of  a  small  needle,  for 
they  will  be  fewer  and  fewer  as  the  force  is  less;  2d,  a  variable 
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magnetic  force  may  be  balanced  against  the  constant  oneo! 
gravity  at  a  place,  by  means  of  the  bifilar  suspension  oi 
magnet;  3d,  a  small  needle  may  be  variously  deflecied  bylht 
receding  pole  of  a  long  magnet;  and  4tb,  magnetism  mayle^ 
balanced  against  torsion.  Only  the  3d  and  4th  will  be  ht- 
scribed — the  3d  briefly,  as  it  is  mostly  illustrative,  and  ifie4ili 
fully,  since  upon  il  rests  the  principal  proof  of  the  law  of  in- 
verse squares. 

Fig.  289  represents  the  3d  method :  a  long  slender  magiicl 


center  of  the  compass  and  therefore  affects  it  but  little,  whilej 
the  lower  pole  produces  deflection,  thus  almost  practicalljfl 
realizing  the  action  of  a  single  pole.     The  magnet  is  moi'M 
successively  to  positions  1^2 — 3,  causing  a  diminishing* 
viation  of  the  small  needle  C— an  inverse  variation  i>(  ll 
force,  since  it  rfrcreases  as  the  distance  I'licreases:  the  tan 
of  these  several  angles  of  deviation,  in  this  balance  r 
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variable  field  of  the  pole  5"  against  the  constant  field  of  the 
Earth,  are  so  many  indices  of  the  rate  of  change  in  the  field 
of  5  as  it  recedes  from  the  compass;  and  the  rate  is  found  to 
be  inversely  as  the  square  of  the  distance. 

The  4th  method  requires  the  use  of  the  Torsion  Balance, 
devised  by  Coulomb  and  employed  in  the  following  experi- 
ments by  him  to  determine  the  law  of  magnetic  force. 

The  instrument,  Fig.  290,  consists  of  a  cylindrical  glass 
vessel,  surmounted  by  a  glass  tube;  on  top  of  this  is  a  microm- 
eter consisting  of  a  cap  fixed  to  the  tube  an<l  a  disc  mov- 
able in  azimuth:  the  former  has  a  circle  divided  into  360°  and 
the  latter  an  index  to  point  the  angle  of  rotation;  from  the 
screw  B  is  pendant  a  fine  silver  wire  having  a  stirrup  to  hold 
a  magnet  NS,  and  through  a  hole  in  the  cover  another  mag- 
net N'S'  may  be  introduced;  a  graduated  circle  CC  is  graven 
upon  the  vessel. 

The  force  of  torsion  will  be  describetl  in  Part  Sixth;  but 
it  may  be  said  here,  that  if  a  cube  of  lead  be  hung  from  the 
lower  end  of  a  wire  and  the  upper  end  be  twisted,  the  torsion 
will  extend  down  the  wire  and  the  cube  will  spin  round;  to 
prevent  it,  a  force  must  be  exerted  in  the  opposite  direction — 
say  a  weight  hung  from  a  thread  passed  over  a  pulley  and 
attached  to  the  end  of  a  Jittle  lever  through  the  cube  of  lead: 
the  weight  (which  thus  measures  the  force  of  torsion)  will  be 
proportional  to  the  amount  of  twist,  that  is.  the  force  of  tor- 
sion bears  a  constant  ratio  to  the  angle  through  which  the 
wire  is  turned,  and  hence  this  angle  represents  the  force  in 
amount. 

Before  beginning  the  exj)eriinents,  the  wire  must  be  freed 
from  twist  by  placing  the  magnet  A'S  in  the  stirrup  and  turn- 
ing the  micrometer  index  and  zero-line  of  CC  until  boih  are 
in  the  direction  of  the  magnet,  tliat  is,  in  the  magnetic  me- 
ridian: then  the  magnet  is  replaced  by  a  simitar  bar  of  copper 
and  this  will  eventually  settle  into  the  plane  of  no-twist;  this 
plane  must  then  be  turned  to  coincide  with  the  meridian. 
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Coulomb's  experiments  were  made  with  two  steel  rods, 
each  650  miHimelres  long  and  3  millimetres  in  diameter,  both 
well  magnetized,  and  alike  in  every  particular. 

By  varied  experiment,  he  found  that  the  effective  mag- 
netism of  these  roils  was  practically  limited  to  a  distance  of 
one-sixth  their  length  from  each  end,  and  that  even  the  cen- 
ter of  effort  of  this — the  resultant  magnetic  force  of  each  half 
— its  actual  pole,  was  located  only  about  twenty  millimetre— 
from  the  end  of  the  rod.  ^H 

The  forces  in  action,  in  the  experiments,  are:  the  magnfl^l 
ism  of  the  Earth;  that  of  the  steel  rods;  and  the  torsion  of  the 
wire — all  evidently  subject  to  variability,  but  which  for  the 
same  time  and  place  may  be  considered  constant. 

Now  suppose  the  force  of  torsion  to  be  strictly  propor- 
tional to  the  angle  of  twist  of  the  wire  that  gives  rise  to  it.  and 
that  for  any  two  instances,  the  force  is  denoted  by  f  and  f, 
the  corresponding  angles  of  twist  being  A  and  A';  then  by 
the  hypothesis  just  made, 

/■.f  =  A:A- {50) 

Let  B  and  B'  be  the  deflections  of  a  magnet  caused  by  forces 
equal  to  f  and  f'\  these  forces  may  be  represented  by  lines 

proportional  to  their  amount,  and  then  of  these  lines  and  of 
the  angles  B  and  B',  a  triangle  may  be  formed.  Fig.  391: 
hence  by  Trig. 

f-.f  =  sin  B:  sin  B' (51) 

or.  by  (50). 

A:A'  =  sin  B:  .sin  B' {52} 

whence 

A  sin  B'  ,    , 

-^  =T,r^' <"' 
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Ktaking  the  logarithms  of  both  sides, 

W             log  A'  =  loy  A  +  log  sin  B'  —  log  sin  B.      .     (54) 

By  tliis  equation,  different  values  of  A'  may  be  computed 
for  various  deflections.  B';  and  then  by  comparison  of  these 
computed  angles  with  those  observed  for  the  same  deflection, 
it  may  be  seen  whether  the  angle  of  twist  truly  represents  the 
force  that  produces  the  deflection, 

The  instrument  having  been  prepared,  one  of  the  rod- 
magnets  already  described  was  placed  in  the  stirrup,  and  be- 
ing under  the  magnetic  influence  of  the   Earth  alone,   the 
following  experiments  were  made: 
TAULE   25. 

(I) 

w'      T         . 
bjf  TurninK  Di«t  B. 

(3) 

column.  (,)  and  C3).                      ■ 

Trial  I.... 

I    circle   =■  360" 
3    circles  =    710 

3  circles  =  loSo 

4  circles  =  1440 

5  circles  =lEoO 
51  circles  =iq8o 

10'  30' 

II      15 

S  I 

63    30 
85      0 

349    yy     -:._-'     > 

1394    0            Ilm 

>S95       0                     ^M 

Taking  trial  No.  2  as  standard  of  comparison  and  com- 
puting A'  by  means  of  eq.  {54)  for  trial  No.  3,  we  have  the 
following  data  for  that  case:  A  =  698$.  log  —  2.8444;  B  = 
21"*  15'  and  its  log  sin  =  9.5592:  B'  ~  :is''-  '«&  s'"  =  9736i ; 
whence  A'  is  1050°;   observed  value  1047°;    difference  3°,  or 
an  error  of  —  3^.  Computing  in  the  same  way  the  values  of 
A'  for  trials  4,  5,  6.  using  the  corresponding  deflections  of 
col.  {3)  for  values  of  B',  anil  the  same  values  of  A  and  B  of 
trial  No.  2  for  all.  the  following  results  were  obtained;  and  as 
they  are  based  on  the  supposition  that  the  force  of  torsion  is 
proportional  to  the  angle  of  twist  of  the  wire,  the  closeness  of 
the  computed  and  observed  values  proves  the  truth  of  that 
hypothesis: 
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TABLE  26. 

THaU.3„d.c.n.p,„d \^^Z^  =  ^    \f^ZTi. 

Trials,  and  sc.™p..ed Y.-'':^^:^:^'^^    's^^^V.T^f' 

Trials  !  »nd  6  Mn.p«rcd \^'  ^^'^P'""'  =  'f '    '  Difierence  a* 

"^  (  ^   observed    =  iSqs     (  Error  —  ^. 

The  next  step  was  to  determine  experimentally  the  value 
of  the  Earth's  magnetic  effort  in  terms  of  the  torsional  effort, 
or  in  degrees  of  twist  of  the  wire.  The  instrument  was  pre- 
pared anew — suspension  wire  freed  from  twist,  zero-lines  of 
circle  and  micrometer  turned  in  the  direction  of  the  rod,  mag- 
net already  described  in  the  stirrnp  and  at  rest  in.  the  merid- 
ian, with  only  the  Earth's  magnetic  couple  lo  act  on  it:  then 
the  wire  was  twisted  two  circles,  or  720°,  by  means  of  the  disc 
B,  Fig,  290.  deflecting  the  magnet,  which  stopped  at  20° 
from  the  meridian,  thus  making  the  actual  angle  of  torsion 
720°  — 20"  =  700°,  In  this  balance  of  torsion  against  mag- 
netism, one  degree  of  deflection  is  equal  to  thirty-five  degrees 
of  twist,  since  700  -^  20  =  ^15.  Finally,  the  instrument  was 
again  prepared  as  above  to  determine  the  rate  of  change  of 
magnetism  with  varying  distance  from  its  focus. 

The  magnet  K'S',  Fig.  250,  identical  with  the  other,  was 
now  introduced  vertically  in  the  meridian  of  the  sus- 
peiuled  one  aiul  moved  down  until  their  poles,  as  previously 
determined,  that  is,  twenty  millimetres  from  the  ends,  were 
in  juxtaposition;  north  poles  being  opposed,  the  suspended 
magnet  was  repelled,  introducing  twist  into  the  wire  until 
its  force  equalled  the  force  of  mutual  repulsion  between  the 
poles,  when  the  magnet  stopped  at  24°  from  the  meridian; 
then,  by  means  of  the  disc  B,  Fig.  290,  more  twist,  three 
circles,  or  1080°,  was  turne<[  into  the  wire,  thus  forcing  the 
suspended  magnet  back  to  within  17°  of  the  meridian; 
finally,  the  disc  was  turned  eight  circles  more,  or  2880', 
driving  the  magnet  still  closer,  12°  from  the  meridian.  In 
these  three  cases  the  forces  in  action  were:  on  cme  hand,  the 
mutual  repulsion  of  the  north  poles  of  both  magnets — on 
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the  oilier,  tlie  directive  magnetic  force  of  the  Earth  and  the 
force  of  torsion. 

Since  eacli  degree  of  deticclion  produced  by  twist  was 
found  to  have  a  torsional  value  of  35°- — that  is,  the  magnetic 
force  of  the  Earth,  as  well  as  that  between  the  magnets,  has 
this  value  of  35°  of  torsion  for  everj-  degree  of  deflection — 
we  can  now  reckon  in  torsional  effort  the  forces  on  both  sides 
of  the  three  cases  just  stated. 

isl  Case:  24"  defiection  equals  24  X  35  =  840",  the  tor- 
sional value  of  the  Rarth's  magnetic  effort  to  bring  the  mag- 
net back  to  the  meridian;  add  to  this  the  actual  torsion  due 
to  the  magnet  itseU  lying  outside  the  meridian  at  the  angle 
of  24°.  and  we  have  864°  as  the  total  torsional  value  of  both 
forces  on  one  side;  on  the  other,  is  the  repellant  magnetic 
force  of  both  north  poles,  of  equal  torsional  value,  since  the 
forces  on  both  sides  balance,  ^d  Case:  17°  deflection  equals 
■7  '^  35  =  595°'  ^li*  torsional  value  of  the  Earth's  magnetic 
directive  effort;  add  to  this  the  1080°  of  twist  to  force  the 
magnet  from  24°  (o  within  17°  of  the  meridian,  and  also  17° 
of  twist  due  to  the  magnet  lying  by  that  amount  outside  the 
meridian,  and  we  have  a  total  of  1(192°  to  represent  both  the 
directive  force  of  the  Earth  and  the  torsion  of  the  wire  in 
their  balance  against  the  repellant  magnetic  force  that  kept 
the  magnet  17°  from  the  meridian,  jd  Case:  12°  deflection 
equals  12  X  35  —  420°,  the  torsional  value  of  the  Earth's  ef- 
fort; add  to  it  2880°  of  twist  to  force  the  magnet  from  17° 
to  within  12°  of  ttie  meridian,  and  also  12°  for  the  twist  of  the 
deflection  of  that  amount,  and  we  have  3312°  to  represent  the 
total  torsional  effort  of  Earth  and  wire  in  equilibrium  with 
the  repellant  force  of  both  magnets  to  keep  one  12°  from  the 
meridian. 

In  these  three  cases,  considering  the  arcs  of  defiection 
(24°;  17°;  12°)  as  the  distances  at  which  the  repellant  force  of 
magnetism  was  measured  and  found  in  torsional  value  to  be 
jpresented  respectively  by  864°,  1692°,  33 12°,  we  should  have 
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for  the  exact  inverse  squares  of  24,  17,  and  12,  the  numbers 
iIj.  %li>  ^^^  lii.  or  i.  i.  and  i,  to  which  the  preceding  frac- 
tions are  proportional;  and  the  numbers  864,  1692,  and  3312 
hear  to  each  other  very  nearly  the  proportion  of  the 
fractions  I.  J,  i.  so  that  the  magnetic  force  is  thus  experi- 
mentally proven  to  vary  inversely  as  the  square  of  the  dis- 
tance. 

Besides  errors  of  observation,  the  foregoing  procedure 
has  actual  conditions  differing  from- the  ideal:  in  the  first 
place,  only  the  force  between  single  isolateff  magnetic  points 
should  be  determined,  whereas  the  magnets  used,  were  really 
verj'  long  knitting-needles,  and  although  only  sections  three 
millimetres  long  (containing  the  poles)  were  in  juxtaposition 
in  the  horizontal  plane,  still  all  the  magnetic  elements  of  the 
one  needle  did  act  upon  all  the  elements  of  the  other — at  a 
great  disadvantage  and  with  small  effort,  to  be  sure,  but  yet 
enough  to  militate  against  the  rigorous  proof  of  the  law;  sec- 
ondly, the  arcs  of  the  circle  are  taken  for  the  distances. 
whereas  the  force  acts  along  the  chords  of  those  arcs,  and 
chonls  and  arcs  do  not  increase  strictly  in  the  same  ratio:  that 
is,  the  chord  of  i->°  being  0.2090,  the  chord  of  24°  is  not  twice 
this,  but  0.4158:  and  even  it  is  not  the  whole  force  along  the 
chord  that  slicwdd  be  used,  but  only  its  component  at  right 
angles  to  ihe  suspended  needle  (see  Fig.  292).  As  the  dis- 
tances ;di>ng  the  arcs  are  thus  too  great,  so  is  the  force  in  its 
t'utiroty  along  the  chord,  and  hence  these  two  errors  partly 
conipousate  each  other. 

riiis  matter  has  been  described  with  unusual  detail,  be- 
cause, as  far  as  f  know.  Coulomb's  experiments  are  the  ones 
upon  which  tlio  law  of  variation  of  magnetic  force  rests. 

Hut  it  nuist  bo  borne  in  mind  that  the  law  of  inverse  squares 
is  true  only  at  short  range  between  two  magnetic  elements^ 
cilhcr  p,uticlos  ol  a  material  substance,  or  molecular  electric 
Currcnt>:  when  the  .ution  is  between  two  magnets  whose  si" 
is  modciaic  oonijMfcd  with  their  distance  apart,  the  force,  as 


LA  WS  OF  MAGNETIC  ACTION 


447 


already  shown  in  Section  Two  of  this  chapter,  varies  inversely 
as  the  cube  of  the  distance;  when  a  magnet  acts  upon  a  mass 
of  soft  iron,  the  attraction  is  inversely  as  the  simple  distance 
while  this  is  considerable;  but  when  small,  the  attraction  is 
directly  proportional  to  the  square  of  the  strength  of  the 
magnet. 


Fig.  292. 

Coulomb  also  proved  experimentally  the  law  of  inverse 
squares  for  electrical  action,  by  using  two  small  gilt  pith  balls 
at  the  ends  of  glass  rods  in  the  relative  positions  of  the  mag- 
nets just  described:  they  were  charged  with  the  same  kind 
and  quantity  of  electricity  and  the  procedure  was  the  same  as 
with  the  magnets. 

By  this  means  the  law  was  then  (about  the  year  1780) 
proved  to  the  accuracy  of  -^Xh  part;  but  with  the  delicate 
electrometers  of  to-day,  it  has  been  proved  accurate  to 
Tyi^jT^th  part. 


446 


MACXI.  . 


.i_^^:j. 


for  the  exact  //' 


5?Tj»  sJt*  *^'^^ 


I  I 


tions  are  proi^- 
l)ear   to    eacli 
fractions  j,  \. 
mentally  pro  v.. 
tance. 

Besides  l' 
has  actual  c- 
place,  only  lii 
should  be  dtit 
very  lonj^  kni 
millimetres  1" 
in  the  hori/.n: 
one  needle  ''■ 
great  distid\ 
enough  to  II ; 
ondlv,   I  111- 
whereas  i" 
chords  ii!i" 
is.  the  cli'  ■ 
this.  l)Ui  ■ 
chord  il: 
anii^les  n 
tanccs  ;i" 
entirety 
conipcii- 

This 

cause,  :[ 
upon  \'v' 
lUr. 
is  true 
either  ; 
currem 
is  mod* 


Condition. 

*:r.:::vely  mag- 

~:rf:.  may  be  in 

:  :  rresponding 

.  -r:r:::ion  of  ii. 

::-r  :  >  heal,  be- 

.'..  :rj:i  is  sus- 

.<:    r.  2  Steadily 

:-"C  ."e:  at  cer- 

7i: ".   iron  and 

.  ::'t  :oba!t  re- 

-,      c  rure.  or 

.. : .  ::  J.  iTidit 

T  ;  -:;  when 

.    .-    'Tie!  ■.  an«l 

.   -      ..  -   --'e^c 


■ :;.:  ::  is  150 
:--r:::  riietals 

..   ..  exposed 

:    ::  ::t  each 

.   :  :::  crease 

•  ::v.iin  for 

;  -'era  til  res. 

-  f:>:-i  com- 
-  :>.c  steel 


^^£fF£cr  OF  HEAT  ON   THE  MAGNETIC  CONDITION.     449 

^Kder  similar  circumstances  will  retain  muctr  of  what  it  had 
IKquired.  If  then  a  steel  bar  be  heated  to  redness  (by  spirit- 
tamps)  between  the  poles  of  a  very  powerful  electromagnet 
and  suddenly  coaled  with  a  shower  of  water  in  that  position, 
this  will  make  a  more  powerful  magnet  than  when  cold. 

•This  same  magnet,  like  soft  iron,  loses  its  magnetic  con- 
dition completely  at  a  white  beat,  and  as  iron  in  ail  its  physical 
states  is  thus  levelled  by  heat  to  the  same  inaction  toward  a 
magnetic  needle  that  wood  or  glass  is,  it  may  be  useful  to  ex- 
plain this  fact  on  the  theory  that  a  magnet  is  made  up  of 
atomic  magnets  or  molecular  electric  currents.  It  will  be  re- 
called that  the  magnetic  condition  upon  either  of  these  hy- 
potheses was  tbe  result  of  a  magnetic  flux  through  the 
particles — wheeling  their  axes  into  line:  when  a  steel  magnet 
is  dissolved  in  nitric  acid,  no  evidence  of  magnetism  remains; 
it  is  like  a  multitude  of  very  small  magnets  mixed  up  in  a 
heap— their  fields  mutually  neutralize  each  other  and  no  re- 
sultant effect  is  discernible;  yet  each  minute  particle  is  still 
a  magnet. 

\ow  heat  dispels  the  thraldom  of  the  molecules  of  a  mag- 
net and  their  vibratory  motions  produce  a  helter-skelter 
mingling  riiat  prevents  any  resultant  field:  but  when  they  cool 
while  permeated  by  the  magnetic  flux,  they  return  to  uni- 
formity of  direction  and  we  have  the  magnetic  condition  re- 
stored. 

182.  Strength  of  magnets  changed  by  heat  and  cold. 
— The  temperatures  experienced  by  the  Compass  in  either 
seasonal  or  geo^aphical  changes  make  it  slightly  stronger  or 
weaker^more  quick  or  slow  to  move,  but  does  not  affect  the 
direction  it  points  out:  as  heretofore  shown,  its  position  is  one 
of  e(|uilibrium  between  two  contending  fields,  that  of  the 
Earth  and  that  of  the  Ship — it  enters  into  each,  and  disap- 
pears in  their  balance. 

Hence,  what  will  be  stated  here  has  reference  only  to  other 
[pagnetic  instruments,  whose  indications  in  dififerent  temper- 
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atures  must  be  reduced  to  one  standard  in  order  to  be  com- 
parable; and  only  those  ordinary  changes  of  heat  and  coi<l 
experienced  with  time  and  place  will  be  considered. 

Generally  speaking,  ail  magnets  lose  power  when  heateil 
and  regain  it  when  cooled,  though  very  recently  the  contrary 
has  been  found  true  under  special  conditions;  but  every  mag- 
net has  a  temperament  that  determines  its  own  rate  of 
change.  Let  t^  denote  a  standard  temperature  and  (.  am 
other;  m^  and  m,  the  intensity  of  pole  at  l^  and  /,;  and  a  the 
peculiar  nature  of  the  magnet:  then  its  change  of  strength  is 
represented  by 

m.  =  ;«,[!  -  ,((/.  -  /,)] (55) 

Relative  values  of  a  magnet's  strength  with  reference  lo  a 
standard  may  be  determined  by  experiments  of  oscillation  or 
deflection:  only  the  latter  will  be  described,  as  it  is  the  more 
accurate  and  can  be  performed  with  the  instrument  used  in  a 
magnetic  survey. 

Figj  293  represents  the  magnetometer  arranged  for  the 
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experiment:  the  magnet  A  is  at  first  immersed  in  a  freezing 
mixture  contained  in  a  vessel  mounted  on  the  bar  /?;  heat  i= 
then  applied  to  the  mixture  and  the  exact  temperature  nolf' 
by  a  thermometer;  A  is  kept  at  a  constant  distance  from^i 


EFFECT  OF  HEAT  ON   THE  MAGNETIC    CONDITION.    45 1 

and  turned  at  right  angles  to  it  in  all  deflections,  these  being 
read  on  the  horizontal  circle. 

The  forces  in  action  are:  on  the  one  side,  the  field  of  the 
Earth  and  torsion  of  the  susi>ension  thread — ^both  considered 
constant  on  account  of  the  short  time  of  the  experiment  and 
the  small  twist  turned  into  the  thread;  on  the  other,  the  vary- 
ing magnetic  intensity  of  Ay  due  to  the  different  degrees  of 
heat.  As  the  torsion  aids  the  Earth's  effort  and  is  propor- 
tional to  the  angle  of  deflection,  it  may  be  merged  into  the 
couple  of  the  Earth.  Expressed  analytically,  the  moments  in 
equilibrium,  then,  are: 

{2m  l')(2mV){R)  =  {2m'r)H .  sin  B, 

or, 

{2ml)R  z=  H  sm  6, (56) 

in  which  {2m'l')  is  the  magnetic  moment  of  B  and  (2w/)  that 
<i[  A\  R,  the  distance  between  the  centers  of  both  magnets; 
//,  the  Earth's  field;  and  m  the  pole  intensity  of  A, 

Differentiating  (56)  with  respect  to  m  and  0,  which  alone 
are  variable,  we  have 

2  , 1 ,  R  .  dm  =:  H .  cos  6  ,  dd\    ....     (57) 

dividing  this  by  (56),  it  becomes, 

dm 


m 


=  cot  e.de (58) 


By  observing  the  deflection,  0,  at  the  lowest  temperature, 
and  its  small  changes,  dH,  thereafter  at  each  increase  of  heat, 

we  can  then  by  (58)  calculate   —  for  a  series  of  temperatures, 

and  thence  trace  a  curve  for  that  particular  magnet,  using 

dm 
temperatures  for  abscissas  and  values  of —  for  ordinates.    If 

we  note   0   at  the  standard  temperature,  m  is  obtained  in 
dynes  from  (56) — all  the  other  quantities  in  that  equation  be- 
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',  known  in  C.G.S.  units — and  then  the  ratio 


dm 


derivi 


from  any  part  of  the  curve,  is  clearly  the  change  of  intensitjl 
in  terms  of  the  intensity  al  the  stanriard  temperature. 

Varied  and  oft-repeated  experiments  by  divers  skillful  ob-' 
servers  have  established  the  following  relations  between  heat 
and  the  magnetic  condition:  weak  magnets  lose  strength 
more  easily  and  to  greater  degree  than  powerful  ones:  the 
loss  for  all  magnets  is  not  strictly  in  a  constant  ratio,  but  in  a 
slightly  increasing  one  with  the  higher  temperatures;  mag- 
nets must  be  subjected  for  some  little  time  to  heat  or  cold  ia 
order  to  be  afifecied  to  the  full  measure  of  their  surroundings 
— the  action  is  not  instantaneous:  in  general,  the  alternatl 
heating  and  cooling  of  a  magnet  has  a  permanent  deleterious 
effect  on  its  intensity:  between  o"  C.  and  +  38°  C.  the  change 
in  intensity  is  proportional  to  the  heat — that  is.  a  changA 
of  1°  produces  a  definite  variation  of  intensity;  of  2°,  twict 
this;  of  3°,  three  times,  and  so  on;  up  to  about  100"  C 
the  magnet  will  recover  the  strength  it  had  at  a  certain  tem- 
perature when  cooled  again  to  that  same  degree,  but  beyon^ 
100°  there  is  a  definite  loss  that  never  reappears;  when  car- 
ried to  a  white  heat  every  magnet,  as  welt  as  all  iron,  lose  thi 
magnetic  quality  and  affects  a  compass-needle  no  more  thai 
copper  does. 

Of  recent  years,  experiments  on  a  certain  kind  of  music- 
wire  have  disclosed  the  fact  that  there  is  an  intimate  relation, 
on  the  one  hand,  between  the  length  and  diameter  of  the 
wire,  and,  on  the  other  hand,  the  manner  in  which  it  is  af- 
fected by  heat,  when  magnetized. 

Calling  the  relation  of  diameter  to  length  a  "  dimensi 
ratio,  it  was  found  that  by  suitably  changing  this,  a  certain 
one  was  found  for  a  particular  kind  of  wire  in  which  heating 
or  cooling  had  no  effect  whatever  on  the  intensity  of  11 
netization.     Tltis  is  an  important  fact — of  great  use  in  th) 
manufacture  of  magnetic  instruments. 


CHAPTER   XI. 

THEORIES   OF   MAGNETISM— MOLECULAR  AND 

TERRESTRIAL. 


Section  One  :  Similarity  of  Magnetic  Action  of  Steel  Bars,  Elec- 
tric Solenoids,  and  the  Earth. 

183.  Value  of  a  theory  in  any  science. — It  is  the  ob- 
ject of  experiment  to  discover  the  facts  that  stud  any  region 
of  nature — to  chip  away  every  encasing  substance  and  lay 
bare  the  immutable  kernel  for  contemplation  by  the  mind:  it 
is  the  province  of  theory  to  exercise  the  imagination  and  rea- 
son upon  the  relative  bearing  of  these  facts — to  explain  them 
— to  weave  about  them  a  fabric  whose  design  shows  order, 
regularity,  and  sequence,  rather  than  mere  agglomeration — 
to  make  this  mantle  of  such  form  and  size  that,  without  un- 
due stretching  and  piecing,  it  will  cover  new  facts  as  they 
arise,  and  that  others,  obviously  related  to  their  predecessors, 
will  not  rend  it. 

A  theory,  besides  thus  affording  a  rational  mental  view  of 
grouped  phenomena,  has  the  further  value  of  pointing  out 
the  way  in  which  new  discoveries  lie,  and  even  sometimes  of 
predicting  the  very  nature  of  the  facts  to  be  found. 

Facts  are  the  isolated  ingredients  of  which  a  theory  may 
be  compounded;  and  although  the  theory  may  be  crude  in  the 
first  workman's  hands,  still  others  of  more  skill  continually 
arise,  until  at  last  a  genius  gives  it  a  touch,  and  we  have  a 
masterpiece,  as  in  the  grand  triplet  of  electricity-magnetism- 
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luminosity — a  combined  wave-motion — growing  out  of  the 
simple  undiilatory  theory  of  light.  It  was  a  high  and  pleasur- 
able effort  for  the  long  line  of  workers  in  this  vein  from  its 
primal  uncovering  until  the  whole  ledge  was  explored;  and 
such  it  is,  and  ever  will  be,  in  the  perfecting  of  any  theory. 

It  is  the  aim  of  this  section  to  show  that  by  the  similarity 
of  tlieir  action  to  that  of  a  solenoid,  a  steel  bar  and  the  Earth 
may  have  llie  same  basic  principle  of  magnetism — an  elec- 
tric curreni:  of  molecular  size  in  the  former  and  terrestrial 
girth  in  tlie  latter. 

184.  Evolution  of  the  solenoid  from  a  single  loop  and 
a  steel  magnet  from  a  disc,  and  identity  of  action  of  both. 
—  If  a  tliin  steel  disc  Ijc  rubbed  with  a  bar-magnet,  it  will  be- 
come a  magnet,  too — each  side  acquiring  polarity  of  one 
kind;  and  if  suspended  by  a  thread,  as  at  D.  Fig.  294,  it  will 
face  north  and  south;  it  is  an  element  of  which  many  mav  be 


» 


.ZA 


produced,  and  when  several  are  united  with  sides  of  opposite 
polarity  touching,  they  constitute  the  cylindrical  magnet  M. 
If  a  loop  of  insulated  wire  be  suspended  by  a  thread,  as  at 
H.  Fig.  294,  and  leading-wires  extend  to  the  battery  B.  the 
loop  will  face  north  and  south  when  traversed  by  a  current  in 
the  direction  of  the  arrows:  if  the  current  be  reversed,  the 
loop  will  turn  round  until  the  face  that  was  south,  looks 
north;  and  a  similar  thing  might  be  done  with  the  disc  by  re- 
versing its  polarity  with  a  bar-magnet. 
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The  loop  is  an  ekmettt,  of  which  many  may  be  formed,  and 
feus  arrive  at  the  heUx,  Fig.  295- — a  solenoid. 


It  is  evident  that  the  elements  may  be  square,  triangular, 
Hipticat,  or  of  any  other  shape,  and  the  resulting  magnet  or 
lolenoid  will  have  corresponding  form. 

As  the  elementary  disc  and  loop  settled  with  iheir  axes  in 

;  magnetic  meridian,  so  will  the  magnet  M  and  solenoid  L 

hen  the  former  is  hung  by  a  thread  from  its  center,  and  the 

Mter  free  to  move,  as  on  a  floating  battery.  Fig.  296;  and  the 


Fig.  896.  Flc-  «97- 

^lenoid,  whose  virtue  consists  only  in  an  electric  current,  is 

B  truly  a  compass  that  obeys  the  direction  and  Huctuations 

[  terrestrial  magnetism  as  any  steel  needle.     Even  the  Dip 

lay  be  indicated  by  an  electric  current;  consider  Fig.  .297:  it 

insists  of  a  frame  C  of  copper  wire,  movable  about  a  hori- 

*ital  axis  that  rests  upon  metal  pillars:  Z)  is  a  light  wooden 

iiir  fixed  in  the  frame,  and  NS  an  ivory  arrow  set  at  right 

gles  to  its  plane;  a  current  may  enter  the  system  at  p.  make 

Be  eircurt  indicated  by  the  arrows,  and  depart  at  «;  when  this 

■  the  case,  and  the  instnunent  has  been  set  so  that  the  arrow 

pay  revolve  in  the  vertical  plane  of  the  magnetic  meridian. 

e  frame  will  turn  until  the  arrow  points  in  the  line  of  Dip. 
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rrent  be  a  little  distance  from  F,  it  will  be  drawn  into  par- 

jlelism  with  it.  proving  that  ixvo  nirrents  in  the  same  direc- 

i  attract  each  other;  but  if  the  branch  R  be  near  F,  it  will 

■  thrust  away,  showing  that  two  currents  in  opposite  direc- 

s  repel  each  other. 

From  these  two  principles  flows  a  third — that  two  cur- 
,  crossed  {in  different  planes)  without  meeting,  will  move 
•dto  parallelism. 

Consider  Fig.  299:  the  sectioiis  OC  "and  OD  flow  in  the 


tne  direction  and  hence  attract  each  other,  and  EO  and  BO 
e  same;  but  in  EO  the  current  flows  toward  0,  while  in 
'  it  flows  from  it— two  currents  in  opposite  direction  and 
E  repulsion,  and  the  same  is  true  of  the  branches  BO  and 
}  considered  jointly:  the  combined  result  of  these  four  ef- 
rts  is  to  swing  the  wires  into  the  same  plane,  and  this  is  ex- 
■ntally  shown  by  a  modification  of  Fig,  298;  if  a  branch 
5  be  added  to  F,  and  the  floating  wire  BC  be  turned  to  make 
I  angle  with  ED— crossed  without  meeting,  as  represented 
299  and  above  Fig.  2g& — -then  the  moveable  wire  will 
irn  until  it  is  beneath  ED,  make  a  few  oscillations,  and  then 
e  to  rest  parallel  to  the  fixed  wire  ED. 
i  sinuous  current  is  equal  to  -a  straight  one  of  like  iittcnsity. 
his  is  proven  by  Fig.  300,  where  the  mobile  insulated  wire, 
Bvoted  at  C  and  0,  is  straight  from  M  to  A^,  and  then  wound 
ick  in  coils  upon  itself;  when  approached  to  the  fixed  wire 
B,  neither  attraction  nor  repulsion  will  occur — MN  will  not 
—proving  that  the  spiral  and  straight  currents  com- 
f  neutralize  each  other.  This  principle  is  often  used  in 
ding-wires^twisting  them  together  so  ihat  they  shall  not 
ice  any  effect:  and  upon  this  principle  also — that  be- 
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tween  the  same  points  a  straight  and  sinuous  current  are 
equal — a  bent  wire  may  replace  a  straight  one,  or  vice  versa; 
or  currents,  like  forces,  may  be  compounded  or  resolved: 


thus,  in  Fig.  301,  we  may  have  two  branches  AB  and  BC 
equal  jointly  to  AC;  or  in  Fig.  302  every  element  of  a  roand 


Fic-..  303.  Flo.  303. 

circuit  AhC  may  be  replaced  by  tbe  rectangular  componenls 
,-I/'  atiil  }K.  The  import  of  this  will  be  seen  in  the  case  of  a 
roiiiul  circuit  being  <lirected  by  an  indefinite  straight  currenl. 
Tlu'  action  of  a  current  of  indefinite  length  upon  a  short 
one— l'i>tli  straiglit  and  at  right  angles  to  each  other — is  iiliis- 
tvaU-d  by  I'ig.  _:ia_5:  let  pn  represent  tlie  indefinite  current  and 
.f/J  ihv  short  one;  ihis  lalter  meets  the  horizontal  plane  at  /(, 
(itun  which  a  pcrpoiulicular  ho  extends  to  pn\  let  the  wire  .-iS 
bo  lice  to  move  parallel  to  itself  in  the  direction  pn.  The 
poHton  /"■'  nms  U<w<\rd  the  same  point  as  AB,  and  the  ej]iiai 
|svUi\>ii  oi  /ii>m  it.  the  one  producing  attraction  represented 
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by  CB,  the  other  repulsion,  denoted  by  CD,  and  both  tending 
to  move  the  wire  AB  bodily  tou'ard  the  left  of  the  observer  in 
the  direction  of  their  resultant  CR,  parallel  and  contrary  to 
the  current  /^n.  IE  the  current  ran  up  in  AB,  its  movement 
would  be  reversed:  if  the  middle  point  C  were  at  li,  the  actions 
on  each  half  being  equal  and  opposite,  the  wire  would  remain 
in  repose;  if  unequal  sections  of  AB  were  above  and  below 
/'ii.  the  difference  of  action  on  both  would  determine  the 
amount  of  the  moving  force  and  its  direction:  if  AB  were 
fixed  and  fit  free  to  move,  it  would  do  so — right  or  left  ac- 
cording to  the  circumstances  stated  above.  These  various 
motions  arc  deduced  from  the  principles  already  established, 
but  they  can  be  experimentally  shown  by  the  instrument  of 
fig.  304.     It  consists  of  a  circular  trough  filled  with  acidu- 


L 


Fig.  304. 


lated  water,  from  the  center  of  which  rises  an  insulated  metal 
column:  a  light  wooden  arm  is  pivoted  and  balanced  on  the 
top;  a  wire  is  wound  about  this — one  end  connecting  with  the 
column  and  the  other  dipping  into  the  water;  a  current  enters 
the  column  beneath  the  trough,  traverses  it  and  the  verlical 
wire  AB  and  departs  by  the  water  and  another  wire;  the  in- 
definitely long  current  passes  through  /•«,  and  when  this  is 
brought  near  AB.  it  will  cause  the  latter  to  move  as  described 
above  under  the  different  conditions. 

The  rotation  of  a  short  current  by  an  indefinitely  long  one 
— both  rectilinear — is  illustrated  by  Fig.  305.    The  short  cur- 
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rent  flows  from  A  toC  and  the  long  one  from  p  to  «;  the  wirt 
AC  is  pivoted  at  C  to  admit  of  free  rotary  motion.     By  co* 
sidering  tlie  relative  directions  of  botli  currents  in  the  succcs-l 
sive  positions  of  the  short  one,  it  will  be  seen  that  their  mu-  I 
lual  action  is  to  cause  the  wire  AC  to  rotate  as  indicated  byi 


I 


the  arrow  B:  at  A,  for  instance,  AC  and  the  portion  Dn  pro- 
ceed from  the  same  point  Z)— hence  attraction;  while  between 
AC  and  the  portion  ED  there  is  repulsion,  since  one  flows 
from  tlie  direction  of  the  point  D  and  the  other  toward  it.  both 
efforts  moving  the  wire  to  A^C,  where  the  condition  prc\'ails 
of  parallel  and  opposite  currents  and  hence  repulsion:  this 
continues  the  movement  to  A^C.  and  so  onward — attraction 
and  repulsion  conspiring  to  rotation.  If  the  short  current  were 
reversed,  the  movement  of  its  wire  would  also  be — a  general 
feature  of  all  these  experiments;  if  /ui  cross  AC  between  A 
and  C  there  will  be  either  equal  effort  on  both  parts  of  AC 
and  hence  equilibrium,  or  a  difference  of  effort  and  hence  mo- 
tion one  way  or  the  other  acconhng  to  the  conditions.  AH 
these  movements  may  be  demonstrated  by  the  instrument 
represented  in  Fig.  3ofv — so  like  in  principle  Fig.  304  that  no 
description  is  needed. 

The  directing  inflnence  of  a  long  straight  current  upon 
rectangular  and  round  circuits  is  shown  by  Figs.  307  and  308: 
in  the  first  the  wire  ABCD  is  pivoted  at  E  and  F  to  attain  free 
motion  round  the  vertical  axis  XI';  by  turning  it  to  make  an 
angle  pVB  with  the  fixed  wire  />«,  it  is  clear  that  the  pair  of 
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horizontal  currents  on  each  side  of  Y  produce  attraction;  and 
by  reference  to  the  mutual  action  of  vertical  and  horizontal 
currents  set  forth  in  Figs.  303  and  304,  it  will  be  seen  that  in 
Fig.  307  the  currents  in  AB  and  pY,  as  well  as  those  in  Yn 
and  CD,  conspire  with  the  pair  converging  to  Y  and  the  pair 
diverging  from  it  to  swing  the  plane  of  the  rectangle  parallel 
to  pn.    The  same  is  true  of  the  round  circuit,  Fig.  308,  for 


Fig.  307. 


Fig.  308. 


every  element  of  it  (as  previously  shown)  can  be  replaced  by 
horizontal  and  vertical  components,  and  then  the  case  reverts 
to  that  of  Fig.  307.  These  tw^o  cases  explain  how  the  solen- 
oidal  current  of  Fig.  296  and  the  rectangular  current,  Fig. 
297,  indicate  the  Variation  and  Dip  respectively,  if  we  regard 
terrestrial  magnetism  as  due  to  electrical  currents  circulating 
in  the  Earth. 

The  action  of  a  circular  current  upon  a  short  straight  one 


X 


A 
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Fig.  309.  Fig.  310. 

at  right  angles  to  its  plane  is  illustrated  by  Fig.  309:  at  what- 
ever part  of  the  circular  current  the  vertical  one  may  be,  there 


4^2  THEORIES   Of   MAGNETISM. 

is  attraction  on  one  hand,  as  at  pD,  and  repulsion  on  the 
other,  as  at  Dn,  since  these  are  cases  of  currents  toward  and 
from  the  same  point;  the  result  is  that  the  wire  AB  will  re- 
voK'e  about  the  vertical  axis  xy  in  a  direction  contrarj-  to  the 
circular  current,  as  may  be  demonstrated  by  Fig,  304,  alter 
removing  the  wire  pn  from  it,  and  sending  a  current  round 
metal  band  enclosing  the  exterior  of  the  trough. 

The  mutual  action  of  a  circular  current  and  a  shoi 
straight  one  in  a  plane  parallel  to  it  is  illustrated  by  Fig.  311 
and  may  be  experimentally  shown  by  Fig,  306. 

186.  Mutual  actioD  of    magnets  and  currents In  this 

article  some  experinients  will  be  described  to  show  that  a 
steel  magnet  may  replace  one  of  the  currents  in'the  foregoing 
actions  of  two  currents  on  each  other,  and  yet  have  the  re- 
sulting phenomena  identical  in  Imth  cases:  the  warrantaMe 
inference  is  that  the  magnetism  of  the  steel  bar  may  be  due 
lo  currents  in  its  structure. 

The  directive  force  of  a  current  upon  a  magnet  is  illus- 
trated by  Fig.  3H,  Without  current  in  the  wire,  the  needle 
will  repose  in  the  magnetic  meridian,  but  with  it  passing  from 
A  to  B.  the  needle  ns  being  free  to  float  on  the  water  and 
turn  on  its  pivot,  will  move  up  until  its  neutral  zone  is  under 


lie 


the  wire  and  then  turn  across  it:  the  degree  of  deflection  will 
ilepend  on  the  strength  of  the  current. 

If  the  magnet  ns  be  conceived  made  up  of  small  electric 


MAGNETS,  SOLENOIDS.  AND   THE  EARTH  COMPARED.  463 

■circuits  set  at  right  angles  to  the  axis  of  the  magnet,  its  two 
ends  will  present  the  appearance  of  Fig.  312 — currents  mov- 
ing tike  the  hands  of  a  clock  (and  this  is  the  south  pole),  while 
others  flow  oppositelv  (and  this  is  the  north  pole). 

In  reality,  these  are  but  two  aspects  of  the  same  thing,  as 
may  be  seen  by  drawing  a  circle  on  transparent  paper  and  in- 
dicating the  movement  by  arrows:  looked  at  on  one  side,  the 
motion  is  from  right  to  left — on  the  other,  from  left  to  right. 

Now  on  this  liypothesis  of  molecular  currents,  consider 
Fig.  313 — a  quartering  view  of  Fig.  312  (when  straightened 
out)  looking  at  the  soutii  end — and  compare  it  with  Fig.  308; 
in  the  latter,  the  minual  effort  of  circular  and  straight  cur- 
rents is  to  swing  into  parallelism  in  such  manner  that  they 


Fig.  313. 


Fig.  314. 


shall  flow  in  the  same  direction,  and  this  is  accomplished  in 
Fig.  313  by  the  magnet  %is  turning  across  the  wire  as  indi- 
cated by  ihe  arrows  .r  and  _v  into  the  position  n's' .  The  con- 
verse of  the  preceding — that  a  moveable  current  will  take  po- 
sition across  a  fixed  magnetos  also  true:  when  the  magnet 
M  in  Fig.  314  is  brought  down  parallel  to  the  floating  wire, 
the  latter  will  turn  across  the  middle  of  the  former  with  the 
^-end  of  the  current  to  the  observer's  right  as  he  looks  from 
N  toward  5":  should  the  magnet  be  thrust  in  between  the  hori- 
zontal branches  of  the  wire  and  then  drawn  along  by  the 
hand,  it  will  attract  the  floating  battery  with  it;  and  if  the 
poles  of  the  magnet  bear  such  relation  to  the  rectangular  wire 
that  their  hypothetical  circular  currents  flow  contrary  to  the 


i 
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Straight  one,  the  floating;  battery  will  turn  round  until  both! 
systems  have  the  same  direction. 

The  rotation  of  a  steel  magnet  by  a  current  may  be  va- 
riously produced:  only  two  instances  will  be  described.  In 
Fig.  315  a  cylindrical  magnet  is  pivoted  vertically;  if  the  cur- 


FiG.  315. 


Fio.  316. 


rent  be  led  in  at  either  pole  and  out  at  the  middle  by  means 
of  a  metal  spring  pressing  against  its  surface,  the  magnet  will 
spin  round  its  own  axis;  and  conversely,  if  the  magnet  be 
whirled  round  its  axis  by  any  mechanical  device,  this  will  ex- 
cite a  current  in  the  wire:  indeed  both  facts  have  daily  illus- 
tration— the  latter  in  the  dynamo,  the  former  in  the  motor. 
But  the  current  must  not  be  led  into  one  pole  and  ovrt  of 
the  other,  or  at  any  two  points  equally  distant  from  the  neu- 
tral zone,  for  this  would  call  equal  and  opposite  forces  into 
action  and  result  in  non-rotation. 

The  second  instance  of  rotation  is  represented  by  Fig. 
31(1:  the  magnet  M,  ballasted  with  platinum  at  the  lower  end, 
floats  in  mercury;  its  upper  end  forms  a  litlle  cup  into  which 
the  needle  x  dips  while  another  needle  y  touches  the  surface 
of  the  mercury,  thus  closing  the  electric  circuit  indicated  by 
arrows.  From  ,v  the  current  spreads  radially  over  the  surface 
of  the  mercury  as  shown  in  Fig.  317 — an  instance  of  short 
straight  currents  acting  on  circular  ones  (those  of  the  mag- 
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Met),  whose  theory  has  been  given  in  connection  with  Fig. 
Psio — and  hence  rotation  of  the  magnet  on  its  axis  is  the  re- 
sult. If  both  the  needles  .r  and  y  dipped  directly  into  the  mer- 


,«ury  of  the  jar,  the  magnet  would  circulate  bodily  round  the 
luru  of  the  jar,  and  the  reason  is  obvious. 

The  rotation  of  a  current  by  a  steel  magnet  is  produced  by 
Ihe  apparritus  of  Fig.  318:  the  wire  ABC  is  pivoted  at  B  and 
oth  ends  dip  into  liquid  in  the  annular  vessel,  thus  affording 
1  closed  circuit  for  the  current  as  indicated;  upon  pushing  the 
lorth  pole  of  a  magnet  up  through  the  central  hole  of  the  ves- 
el,  the  rectangular  wire  will  turn  around  its  supporting 
lolumn  as  an  axis;  withdrawing  this  end,  and  entering  the 
outh  pole  wi!l  cause  rotation  in  a  contrary  direction.  A  so- 
enoid.  in  which  circular  currents  are  the  active  principle,  will 
iroduce  the  same  results — giving  direct  support  to  the  hy- 
sthesis  of  molecular  currents  in  the  stee!  magnet. 

Another  illustration  of  the  rotary  effect  of  a  steel  magnet 
ipon  a  current  is  afforded  by  Fig.  319:  a  fine  silver  wire 
arrying  a  strong  current  hangs  loosely  from  a  support  sus- 
aining  a  magnet,  and  when  brought  near  this,  the  wire 
vines  itself  in  spiral  coils  round  each  pole;  if  the  magnet 
ere  flexible  and  the  current  passed  through  a  rigid  rod,  the 
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former  would  encircle  the  latter — ^in  fact  the  action  is  recip*"! 
rocal,  and  is  but  the  fulfillment  of  the  effort  made  by  a  mag-^ 
net  and  wire  to  turn  across  each  other's  axis  as  already  illus- 
trated in  Figs.  31 1  and  314. 

Liquids  may  be  set  in  rotation  by  a  magnet,  as  in  Fig,  320: 
A  is  an  annular  vessel  containing  acidulated  water  upon 
which  a  cork  ring  floats  with  little  flags  to  indicate  the  move- 


FlG.  3iq. 


Fig,  310. 


ment;  strips  of  brass  are  attached  to  the  walls  of  the  vessel, 
and  from  them  wires  are  led  to  a  source  of  electricity — in. 
from  f  on  the  outer  wall  to  the  liquid,  through  this,  and  out 
at  f  connecting  with  the  inner  wall.  Both  a  steel  magnet  and 
a  solenoid,  when  pushed  up  through  the  central  aperture  in 
the  vessel,  will  produce  identical  effects — rotation  of  llie 
liquid  in  the  annular  space- — in  strict  conformity  with  the 
theory  of  the  mutual  action  of  currents. 

If  a  stream  of  mercury  flow  from  the  upper  pole  of  a  mag- 
net, it  will  be  twisted  in  its  descent  to  the  lower  pole  like  the 
strands  of  a  rope — Fig,  321. 

Gases,  too,  may  be  rotated  by  magnets,  Fig,  322;  a  sou 
iron  cylinder  C  rests  on  an  electromagnet,  by  which  it  be- 
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comes  magnetized;  it  is  enclosed  in  a  vessel  partly  exhausted 
of  air;  an  electrical  discharge  through  this  is  effected  by  con- 
necting the  terminals  of  an  induction-coil  to  the  vessel  above 
one  pole  of  the  cylinder  as  at  />  and  the  other  at  its  middle  «. 
Under  favorable  conditions  the  glow  of  discharge  down  the 


Fir,.  3: 


length  of  the  vessel  will  be  seen  to  revolve  round  the  cylin- 
der C.  An  experiment  similar  to  this  has  already  been  de- 
■scribed  to  illustrate  the  nature  of  the  polar  aurora — that  it 
may  be  due  to  electrical  discharges  in  the  rarefied  regions  of 
\lhe  atmosphere:  the  aurora,  like  the  experimental  gas,  has 
also  a  rotary  motion  round  a  magnet — the  Earth. 

187.  Action  of  the  earth  upon  electric  currents Closed 

circuits  and  horizontal  and  vertical  currents  of  short  length 
are  affected  by  the  natural  field  of  the  Earth  in  precisely  the 
■same  way  that  they  are  by  steel  magnets  and  currents. 

The  directive  action  of  the  Earth  has  already  been  illus- 
''trated  in  Figs.  296  and  297:  it  is  more  clearly  shown  in  Fig. 
323,  where  a  circular  wire  pivoted  in  mercury  cups  at  m  and 
■«'  is  free  to  move  round  a  vertical  axis;  without  current,  it 
drill  rest  in  any  position,  but  with  it,  as  indicated  by  the  arrows, 
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the  wire  will  turn  until  its  plane  is  perpendicular  to  the  mag-l 
netic  meridian,  and  in  such  manner  that  the  current  circulates  ' 
in  the  lower  half  from  east  to  west;  if  disturbed,  it  will  re- 
turn to  this  position,  and  if  set  so  that  the  current  in  the  lower 
half  is  from  west  to  east,  it  will  turn  through  iSo"  in  order 


Fio.  333- 

that  the  flow  may  be  from  east  to  west;  from- this,  it  is  in- 
ferred that  terrestrial  currents  also  run  from  east  to  west, 
since  this  parallelism  of  both  currents  can  only  result  from 
their  flowing  in  the  same  direction. 

Fig.  324  represents  the  means  employed  to  show  the 
Earth's  action  upon  vertical  currents:  two  shallow  brass  ves- 
sels supported  on  a  metal  column  are  filled  with  acidulated 
water;  a  light  wooden  rod  is  pivoted  horizontally  on  the  col- 
umn; this  is  in  contact  with  the  fluid  in  the  upper  basin  but 
insulated  from  that  below;  a  light  wire  is  coiled  around  one 
arm  of  the  wooden  rod  with  one  end  dipping  into  the  waler 
above,  the  other  into  that  below:  strips  of  brass  beneath  the 
lower  basin  establish  communication  with  the  battery;  the 
current  enters  by  the  wire  />,  passes  up  the  column,  spreads 
radially  over  the  water  in  the  upper  basin,  into  the  wire  A. 
around  the  coils  on  the  rod,  down  by  the  pendant  wire  S, 
into  the  water  below,  and  thence  out  by  the  slip  k  which  is 
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connected  with  the  water  below.    Considering  the  Earth  trav- 
ersed by  currents  from  east  to  west,  this  is  then  the  case  of 
IvA  short  vertical  current  in  the  presence  of  an  indefinitely  long 
B4>ne — a  case  fully  explained  in  connection  with  Figs.  303  and 
"'    304:  there,  it  was  shown  that  the  vertical  current  being  free 
to  move,  would  do  so — always  settling  in  the  vertical  plane 
through  its  own  wire  and  the  horizontal  one — and  so  it  acts 
in  Fig.  324;  as  the  terrestrial  current  is  predicated  to  run  east 
and  west,  the  vertical  current  B  will  set  itself  to  the  east  of 
the  column  C  if  the  flow  in  B  be  down,  but  to  the  west  of  C 
if  it  be  up — in  both  cases  in  conformity  to  theory. 

If  a  rod  with  two  wires,  Fig.  325,  be  pivoted  on  the  col- 
umn, the  current  in  each  branch  tends  to  place  itself  to  the 
«ast  of  the  column — the  efforts  counterbalance^and  no  mo- 
tion resulls. 


^1  Fic.  315,  Frc.  3a6. 

^B      Fig,  326  illustrates  the  Earth's  action  on  a  horizontal  cur- 

^BCnt:  it  is  similar  to  Fig.  324  and  will  be  readily  understood 

"from  the  description  of  that;  the  current  traverses  the  central 

column  and  departs  by  the  horizontal  and  vertical  branches 

of  the  pivoted  conduit.     As  the  flow  is  down  in  both  vertical 

branches,  their  efforts  neutralize  each  other,  leaving  only  the 

horizontal  current  to  be  considered:  it  is  the  case  of  a  short 

current  in  a  plane  parallel  to  an  indefinitely  long  one— that  of 

the   Earth — a  case  described  in   connection   with   Fig.  305. 

The  effort  of  the  Earth  is  to  give  the  horizontal  branch  AB 

1  Fig,  326  a  continued  rotation  whose  direction  depends  on 


in  t  ig.  320  a  ( 
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whether  llie  current  flows  out  from  the  central  column  or  iuf 
toward  it. 

188.  Currents,  solenoids,  steel  magnets,  and  the  Elarth.! 
— all  induce  currents  in  conductors.— If  a  long  wire  carry-] 
iiig  a  current  be  quickly  approached  to  a  metal  ring,  or  sud-l 
tienly  withdrawn  from  it,  either  movement  will  induce  a  tran- 
sitory current  in  the  circuit.  Tliis  fact  is  more  forcibly  illus-  , 
irated  by  Fig.  327,  where  a  solenoid  S  is  thrust  into  a  coil  ofa 
wire  C  and  quickly  pulled  out  again:  a  reverse  current  withi 


Kic.  327.  Fig.  328. 

the  former  movement  and  a  direct  one  with  the  latter  will  be 
indicated  by  the  galvanometer  G.  and  the  intensity  of  both- 
will  depend  upon  the  rapidity  of  motion  of  the  solenoid.  Re- 
sults of  precisely  the  same  kind  and  degree  are  obtained  by 
using  a  steel  magnet  in  place  of  a  solenoid — Fig.  328. 

And  without  magnet,  solenoid,  single  wire,  or  any  other 
visible  source  of  electricity,  like  effects  are  obtained  from  fhe 
natural  field  of  the  Earth.  The  means  to  this  end  are  repre- 
sented by  Fig.  3-29:  it  consists  of  a  wooden  hoop  AB  grooved 
on  the  exterior  to  admit  several  turns  of  insulated  copper 
wire  whose  ends  finally  lead  out  through  a  commutator  at  p' 
and  n  to  the  galvanometer  G\  by  means  of  a  crank  H.  this 
hoop  can  be  given  motion  round  the  axis  .i-,  set  in  the  frame 
CD,  and  the  latter  has  also  motion  round  the  horizontal  axis 
Y.  the  degree  of  each  movement  being  indicated  by  pointers 
on  circles  at  E  and  F.  When  set  as  shown  in  the  figure,  with 
the  axis  y  at  right  angles  to  the  magnetic  meridian,  and  the 


I 
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plane  of  the  hoop  perpendicular  to  the  line  of  Dip  T,  the  in- 
strument is  in  position  to  have  rotation  of  the  hoop  produce 
the  maximum  effect;  when  turned  to  have  the  axis-V  coincide 
with  the  line  of  Dip  T,  no  result  can  be  obtained:  the  reason 
is,  in  the  former  case  the  hoop  cuts  directly  across  the  lines 


of  terrestrial  force,  which  action  induces  a  current  in  the  coil 
of  wire,  indicated  by  the  galvanometer;  when  the  axis  x  co- 
incides with  the  line  of  Dip  the  plane  of  the  hoop  is  parallel  in 
all  positions  to  the  lines  of  force,  and  hence  no  result.  In 
the  first  case,  the  current  steadily  grows  from  the  position 
shown  until  the  hoop  has  turned  90°.  or  is  in  the  vertical 
plane  of  the  magnetic  meridian,  then  it  gradually  falls  off  to 
entire  disappearance  at  half  a  circle  rotation,  or  when  the 
branches  A  and  B  have  changed  sides:  the  rotation  contin- 
uing, the  rise  and  fall  of  the  current  will  be  repeated,  but  in  a 
contrary  direction. 

Still  another  instance  will  be  cited  of  currents  induced 
equally  by  a  steel  magnet,  a  solenoid,  and  the  Earth.  Let 
Fig.  330  represent  a  magnet  suspended  by  a  silk  fiber  inside 
a  bell-jar  exhausted  of  air:  it  reposes  in  the  meridian;  if  drawn 
aside  lo  an  angle  of  45°  by  the  approach  of  another  magnet, 
and  then  allowed  to  oscillate  under  the  influence  of  the 
Earth's  field  alone,  it  will  make  a  certain  number  of  swings — 
say  400 — before  the  amplitude  is  reduced  to  10°;  but  if  a 
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shallow  copper  vessel  of  little  more  diameter  than  the  length 
of  the  magnet,  Fig.  331,  be  placed  on  the  glass  plate  of  the 
bell-jar,  so  that  the  magnet  shall  swing  inside  it,  and  the  fof-J 


F:a.  330. 


Fio.  331. 


mer  deflection  of  45°  be  made,  the  number  of  oscillations 
not  be  400,  nor  even  half  that  number,  by  the  time  the  arc? 
has  been  reduced  to  10°. 

As  the  magnet  swings,  the  lines  of  force  of  its  field  are  cut  ^ 
by  the  rim  and  bottom  of  the  copper  vessel,  and  hence  elec- 
tric currents  are  excited  around  the  magnet — counter-cur- 
rents to  ils  movement  which  rapidly  diminish  its  amplitude 
and  bring  it  to  rest.  The  intensity  of  the  currents  and  hence 
their  effectiveness  to  damp  the  magnet's  motion  is  dependent 
on  four  things:  the  rapidity  of  oscillation;  proximity  of  the 
magnet  to  the  surrounding  vessel;  the  material  of  which  this 
is  made;  and  the  strength  of  the  magnet  itself.  ConsiA.ving 
the  susceptibility  of  copper  to  currents  as  100,  the  relative 
susceptibility  of  other  substances  ar^:  zinc  95,  tin  46.  lead 
25.  antimony  9,  bismuth  2,  and  glass  o:  therefore  an  oscilUtHng 
nccd/e  far  iiitciistly  experiments,  where  a  large  tiutftber  of  oscU- 
lations  arc  desirable,  should  be  wholly  enclosed  in  u  glass,  and  not 
in  a  metal,  vessel  of  any  kind,  in  order  that  its  motion  mav  bf 
nnimpeded  by  induced  currents.  If  the  bell-jar  and  magnet  be 
put  on  a  whirling  table.  Fig.  332;  the  air  exhausted  as  before. 
and  a  copper  disc  be  pivoted  under  the  glass  slab  on  which 
the  jar  rests,  with  a  means  of  giving  the  copper  disc  rotation 
as  indicated,  then  when  tins  is  done,  the  magnet  will  at  first 
be  deflected,  and  eventually  drawn  round  and  roimd  by  ihe 
movement  of  the  disc.  The  magnet  moves  in  a  vacuum 
shielded  from  disturbing  causes  save  the  reflex  action  of  the 
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currents  induced  in  the  disc  by  its  cutting  the  hnes  of  force  of 
the  magnet's  field. 

The  converse  of  the  foregoing  is  also  true:  if,  as  in  Fig. 
333.  a  cube  of  copper  be  rapidly  spinning  under  the  force  of 
a  twisted  string,  it  will  immediately  stop  when  the  current  is 


Fig.   33*. 

timed  on  llie  magnet;  the  strong  field  induces  currents  in  the 
hructure  of  the  copper  which  arrest  motion. 

In  the  foregoing,  a  solenoid  may  replace  the  steel  magnet 
(ith  identical  results. 


Fic.  334. 

To  produce  them  in  the  field  of  the  Earth  alone  without 
"either  magnet  or  solenoid,  a  copper  disc  C,  Fig.  334,  is  so  ar- 
ranged on  a  whirling  table  that  its  axis  X  is  in  the  vertical 
plane  through  the  magnetic  meridan  H:  when  the  axis  X  co- 
incides with  the  line  of  Dip,  the  plane  of  the  disc  in  rotation 
round  A'  cuts  straight  across  the  Earth's  lines  of  force  by 
which  currents  are  excited  in  the  disc;  but  if,  while  remaining 


^which  currents 
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in  the  same  vertical  plane,  the  axis  X  be  gradually  turned  out 
of  the  line  of  Dip.  the  induced  currents  will  decrease,  and 
finally  cease  when  the  disc  is- rotating  in  the  line  of  Dip,  for 
then  its  motion  is  parallel  to  the  lines  of  force.  Tlie  induced 
currents  are  indicated  by  a  galvanometer  from  which  one 
wire  leads  to  the  axis,  and  the  other  to  the  rim  of  the  disc. 

Since  a  current  in  a  wire  creates  a  field — a  stress  or  whirl 
in  the  surrounding  ether — all  the  foregoing  effects  of  cur- 
rents on  each  other  are,  in  reality,  the  mutual  action  of  their 
fields. 

i8g.  Terrestrial  magnetism. — That  the  Earth  is  a  mag- 
net is  irrefutable,  but  what  kind  of  a  magnet  is  it^ — like  a  sieel 
bar,  apparently  composed  of  atomic  magnets;  or  like  a  solen- 
oid, pervaded  by  electric  currents? 

That  there  are  masses  of  magnetic  minerals  spread  with 
more  or  less  density  all  over  the  globe,  is  undeniable;  but  thai 
their  greatest  aggregations  should  be  mainly  in  the  polar  re- 
gions, and  that  their  minute  particles  should  group  them- 
selves into  symmetry-  of  direction  to  make  of  the  Earth  a  ma-     i 
terial  magnet — this  seems  credible  only  as  an  act  of  creation.     | 
But  such  a  hypothesis  meets  with  facts  not  easily  explicable    I 
by  it:  the  daily,  yearly,  and  secular  fluctuations  of  terrestrial 
magnetism  would  require  a  corresponding  undulatory  nio- 
tion  of  the  crust  of  the  Earth  to  produce  them,  and  these 
should  synchronize  with  the  motions  of  the  Earth  about  the 
Sun  in  order  to  account  for  the  dependence  of  certain  mag- 
netic fluctuations  on  the  relative  position  of  Earth  and  Sua 

O-a.  the  other  hand,  all  the  experimental  facts  adduced  in 
this  section — the  mutual  action  of  electric  currents;  the  iden- 
tity of  action  of  one  solenoid  upon  another  with  that  of  one 
steel  magnet  upon  another  steel  magnet;  and  of  magnet  and 
solenoid  on  each  other;  and  the  Earth  ufKin  all — this  identity 
of  result,  however  varied  the  combination  of  current,  solen- 
oid, magnet,  and  Earth,  points  to  the  Earth  as  a  solenoid  with 
currents  coursing  round  it  in  a  general  way  from  east  to  west. 
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cr?And  terrestrial  currents  do  exist;  they  are  phenomena  of 
!^;daily  observation  in  different  parts  of  the  ^lobe;  moreover, 
the  air  is  full  of  electricitv:  so  that  in  and  around  the  Earth 
there  is  that  force  that  gives  support  to  the  solenoidal  theory; 
.  .and  the  fluctuation  of  a  current  to  produce  periodical  varia- 
tions in  its  accompanying  magnetic  field  is  a  matter  of  far 
more  easy  acceptance  than  the  heaving  and  swaying  of  a  ma- 
terial magnetic  shell. 

The  Sun  undoubtedly  has  electromagnetic  qualities,  and 
its  absence  or  presence  with  night  or  day,  and  its  proximity 
or  remoteness  with  season,  would  account  for  the  fluctuations 
coincident  with  its  apparent  motions. 

It  is  customary  to  say  that  currents  result  from  changes 
in  the  Earth's  magnetism,  but  this  would  still  be  true  if  that 
magnetism  were  due  to  a  solenoidal  condition,  for  a  change 
in  a  current  begets  another  current. 

The  current  theory  would  account  for  the  magnetic  ores 
found  everywhere,  for  the  currents  would  magnetize  them: 
in  fact,  this  theory  covers  without  rent  or  strain  every  phe- 
nomena of  terrestrial  magnetism. 

But  what  is  the  origin  of  the  currents  themselves?  The 
question  has  been  answered  variously;  but — as  with  the  or- 
igin of  atmospheric  electricity — by  isolated  suggestions, 
rather  than  by  a  comprehensive  theory  based  on  well-ascer- 
tained facts. 

The  principal  of  these  suggestions  are  the  following: 
chefnical  source — that  the  elements  composing  the  Earth  with 
the  mineral  waters  percolating  through  them  constitute  a 
huge  electric  battery  yielding  unfailing  currents:  thermal 
source — that  heat  fromwithin  (the  core)  and  from  without  (the 
Sun)  acts  on  the  metals  and  ores  abounding  in  the  Earth's 
crust,  causing  contact  currents;  sohr  source — that  the  Sun 
itself  is  in  an  electromagnetic  condition  which  influences  the 
portion  of  the  Earth's  surface  upon  which  it  shines;  gra7'i(y 
source — that  the  crushing  and  grinding  of  the  shell  of  tlie 
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Earth  in  its  process  of  perpetual  contraction,  together  with 
the  violent  actions  of  volcanic  eruptions,  create  currents;  o(- 
mosplicric  source- — that  the  electricity  of  the  air  in  motion  i* 
a  modifying  agent,  causing  fluctuations  in  existent  curTentS 
as  well  as  exciting  others. 

These  are  plausible  explanations;  and  the  sources  stated 
do,  no  doubt,  contribute  to  the  currents  found;  but  there  is  a 
lingering  thought — a  doubt,  in  the  mind,  as  to  their  ade- 
quacy, either  individually  or  collectively,  to  produce  the  full 
measure  of  ihe  effects  observed.  The  theory  seems  to  point 
in  the  right  direction,  but  tlie  real  sources  of  terrestrial  mag- 
netism have  not  yet  been  satisfactorily  located,  nor  its  true 
nature  determined  beyond  question. 


Section  Two:  Molecular  Theory  of  Hagnetisiii. 


igo.  The  characteristic  features  of  a  magnet  exist  in 
its    smallest  particles. — If  a  steel  wire  ten  inches  long  be 

I>laced  within  a  magnetizing  coil,  it  will  come  out  a  magnet: 
if  the  tempering  had  been  such  as  to  render  it  brittle,  it  may 
be  broken  into  ten  parts,  and  each  would  be  as  distinctively  ft 
magnet  as  the  original  length ;  if  every  one  of  these  be  broken 
into  ten  parts,  we  obtain  magnets  one-tenth  of  an  inch  long, 
and  however  far  the  subdivision  be  carried — even  to  the  fine- 
ness of  pulverization — the  characteristic  features  persist  in 
the  minutest  part.  By  an  oscillation  experiment.  Coulomb 
detected  one  part  of  iron  in  132,799  parts  of  silver — the  iron 
was  chemically  deposited  on  a  slight  scratch  of  varnish  coat- 
ing a  silver  wire,  which  then  became  a  magnet  to  the  extent 
of  the  iron  on  it. 

If  a  glass  tube  be  filled  with  the  finest  iron  granules,  it  will 
not  affect  a  delicately  suspended  magnet;  but  place  the  tube 
between  the  poles  of  a  dynamo  for  a  second,  and  then  ap- 
proach it  to  the  needle,  and  it  will  be  found  a  veritable  mag- 
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;  shake  the  tube  and  its  contents  return  to  the  neutral 
ate,  which,  however,  gives  way  again  to  the  magnetic  con- 
ption  under  the  influence  of  a  suitable  field;  and  this  alterna- 
on  may  be  had  as  often  as  we  please — neutrality  by  mechau- 
al  movement,  magnetic  condition  through  electrical  force: 
om  this  it  may  be  said  that  the  latter  merely  confers  a  kind 
E  grain  or  fibrous  structure  on  the  mass  which  the  former 
bpsets;  but  that  the  magnetic  comhtion  is  innate  in-the  gran- 
les  themselves,  which  neither  the  mechanical  effort  destroys 
or  the  electrical  effort  creates;  and  it  further  shows  that  the 
iputh  pole  is  the  inseparable  companion  of  the  north  pole  in 
iver>'  particle  of  magnetic  matter,  however  small. 

But  this  is  all  evidence  of  material  particles  that  may  be 
(pen  by  the  eye  or  perceived  by  the  aid  of  magnifying  glasses: 
^ere  is  still  a  subdivision  of  matter  that  exists  only  as  a  men- 
bl  conception — the  molecule  and  the  atom.  The  eye  of  man 
lath  not  seen  these,  and  yet  there  is  evidence  that  in  them. 
joo,  the  magnetic  condition  resides  intact  and  as  distinctive 
B  in  the  ten-inch  steel  wire. 

If  a  gramme  of  pure  distilled  water  be  converted  into- 
nteam,  the  fine  particles  are  so  many  molecules  of  aqueous 
papor;  if  these  be  further  heated,  they  break  up  into  atoms  of 
pxygen  and  hydrogen:  but  no  further  subdivision  can  be 
giade  by  any  known  process — we  have  arrived  at  (presum- 
ably) the  elementary  substance;  and  such  also  are  carbon. 
Iron,  mercury,  sulphur,  and  other  elements  forming  the  com- 
nds  of  nature.    If  the  oxygen  and  hydrogen  derived  from 
[fae  gramme  of  water  be  weighed,  they  will  not  he  found  equal 
--the   oxygen   weighs    i6  times   more   than   the   hydrogen. 
Sow  it  is  a  law  of  matter  in  the  gaseous  state  that  equal 
p>Iumes  of  the  different  elements  under  the  same  conditions 
I  temperature  and  pressure  contain  the  same  number  of  ulti- 
iate  particles  or  atoms;  but  these  equal  volumes  will  not  be 
f  equal  weight:  let  that  of  hydrogen  be  denoted  by  unity: 
len,  compared  with  that,  it  has  been  found  that  carbon  is  12, 
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iron  56,  tin  1 1 6,  mercury  200,  and  so  on;  and  these  are  the 
figures  found  in  every  work  on  chemistry  opposite  the  names 
of  the  elements.  In  the  gaseous  state  and  under  the  like  con- 
ditions in  which  each  element  is  weighed,  its  mass  is  com- 
posed of  the  same  number  of  ultimate  particles  or  atoms — 
little  bodies  either  differing  in  form,  nature,  and  weight  from 
element  to  element;  or,  different  numbers  and  groupings  (fof; 
each  element)  of  a  certain  number  of  one  primordial  cor- 
puscle, which  difference  then  constitutes  the  different  ele- 
ments. In  either  view,  the  relative  numbers  given  above  are 
not  only  the  weights  of  the  volumes  of  the  different  gases, 
but  since  these  volumes  contain  the  same  number  of  atoms, 
they  are  also  the  relative  weights  of  their  atoms — their  specific 
gravity  relaliz'C  to  hydrogen,  assumed  as  unity;  and  further- 
more, it  is  strictly  according  to  these  weights  or  muhiples  of 
them  that  the  elements  combine  to  form  the  myriad  sub- 
stances of  nature.  In  the  last  analysis  and  contemplation  of 
matter,  it  is  these  atoms  and  the  molecules  made  up  of  them 
that  must  he  considered. 

When  a  sheet  of  lead,  a  bronze  cymbal,  or  a  golden 
plaque  gives  out  its  distinctive  sound,  what  is  it  in  each  that 
vibrates?  It  is  the  ultimate  atoms;  and  it  is  these  in  every 
substance  that  the  forces  of  nature  affect:  it  is  these  that 
torsion  twists  out  of  .symmetrical  arrangement:  that  heat  sep- 
arates; that  electricity  charges:  that  light  illumines;  that 
chemical  action  combines;  and  that  magnetism  attracts  and 
repels. 

To  particularize  some  of  these  effects — the  results  of  oft- 
repeated  experiment:  wires  and  carbon  filaments  canyiiig 
currents  become  brittle — a  disintegration  of  their  molecules. 
An  iron  wire  increases  in  length  when  magnetized — a.  sepa- 
ration of  its  molecules;  and  there  is  even  a  relation  between 
the  elongation  and  strength  of  field,  both  increasing  slowly 
up  to  a  certain  point,  then  the  first  more  rapidly  thaji  the 
second,  and  finally  a  decrease  of  length  with  still  greater 
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I  field.  Water  in  a  glass  tube,  made  turbid  by  mixing  pow- 
I  ■dered  oxide  of  iron  with  it,  will  become  clarified  when  placed 
I  in  a  strong  magnetic  field — the  molecules  are  turned  into 
I  alignment  and  light  streams  through  their  ranks.  If  a  steel 
I  magnet  be  heated,  tzvisted,  or  struck,  its  power  will  be  less- 
l«ned — showing  that  the  forces  acting  on  its  molecules  also 
■  .affect  its  magnetic  condition. 

But  it  is  in  torsion  that  we  find  the  most  striking  illustra- 
t'tton:  now,  twisting  a  substance  is  so  distinctly  a  derange- 
linent  of  its  smallest  particles,  that,  when  produced  by  mag- 
Isietic  effort,  it  shows  that  it  is  upon  these  particles  the  effort 
I  is  exerted.  The  following  experiments  are  cited  in  support 
lof  the  illustration.     {Mr.  F.  J.  Smith  in  the  Phil.  Mag.,  Vol. 

A  magnetizing  coil.  50  cms.   long,  was  prepared  and 

^-connected  with  a  source  of  electricity.     Rods  of  iron,  50 

ns.   long  and  0,16  cm.   diameter,   were  well   annealed   by 

Iheating  to  bright  redness  and  then  cooling  slowly:  they  were 

Kplaced,  one  at  a  time,  in  the  coil.     In  every  case  the  rod 

1  hung  vertically,  fixed  at  the  upper  end,  free  to  turn  at  the 

Llower,  and  provided  therewith  a  mirror  for  reflecting  a  milli- 

netre  scale  into  a  telescope. 

The  first  rod  had  no  initial  twist:  with  current  on  and  a 
Rfield  of  21  C.G.S. — units,  the  rod  twisted,  the  lower  end  mov- 
■ing  clockwise  o. i   cm.  as  one  looked  down  its  length;  the 
fccurrent  was  stopped  and  the  rod  returned  to  its  normal  con- 
Jdhion.    The  rod  was  then  removed  from  the  coil  and  a  very 
^delicate  thermometer  put  into  it;  with  the  current  turned  on 
^ain,  and  the  same  field,  there  was  no  change  of  temper- 
ature from  the  first  instance,  showing  that  it  was  magnetic 
ffort  and  not  heat  that  produced  the  effect. 

A  second  rod  was  fixed  by  one  end,  and  the  other  end 
Inechanically  twisted  eight  times  completely  round;  when  re- 
ised,  it  untwisted  one  turn,  leaving  a  permanent  set  of 
wen  circles  in  its  fiber.    As  with  the  first  rod.  this  was  now 
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placed  in  the  coil  and  the  current  turned  on,  giving-  a  field  of 
21  C.G.S.  units:  instantly,  the  lower  end  turned  five  scale-di- 
visions in  the  direction  of  its  mechanical  torsion.     Next,  the, 
current  was  repeatedly  turned  on  and  off:  with  each  "  make 
a  twist  of  five  scale-divisions  resulted  as  be(ore.  and   with, 
each   "  break,"   a   return   therefrom.     Next,   the  effect  of 
gradually  increasing  field  was  tried:  this  began  at  19  CG.S. 
units  and  produced  a  twist,  additional  to  the  permanent 
chanical  torsion,  of  3  scale-divisions;   with  a  field  of  47  unil 
there  were  6  scale-divisions  of  twist:    with  86  units,  9  divi- 
sions; with  95  units,   10  divisions;  and  no  further  twist  n 
suited,  although  the  field  was  run  up  to  190  units. 

The  relation  between  different  permanent  twists  of  variou&' 
rods  and  a  constant  field  was  next  determined  with  results  as 
follows:  With  one  turn  in  a  rod,  it  twisted  in  the  constant 
iield  3  scale-divj^sions  more;  with  two  turns  in  a  rod,  5  scale- 
divisions;  3  turns,  6  divisions:  4  turns,  7  divisions;  5  turns,  & 
divisions;  10  turns,  10  divisions;  and  this  was  the  maximum.. 
After  magnetization,  when  the  current  stopped,  the  rods* 
partly  untwisted. 

Nickel  twisted  similarly  to  iron  and  steel  rods;  but  rods 
of  non-magnetic  metal — copper,  platinum,  lead,  silver,  zinc, 
cadmium,  bronze,  and  bismuth — were  all  subjected  to  the 
same  treatment  as  the  iron  rods,  but  no  rotation  of  any  kind 
could  be  seen. 

In  all  the  preceding,  it  was  magnetic  force  that  produced 
visible  torsion  of  the  rod:  the  converse  is  also  true — that  me- 
chanical torsion  of  the  rod  gives  rise  to  an  electric  current 
with  its  concomitant  magnetic  field.  Tlie  following  experi- 
ment establishes  the  fact.  In  Fig.  335.  liie  iron  rod  AB,  50 
cms.  long  and  0.4  cm.  diameter,  is  held  by  one  end  in  the 
vice  I';  it  has  a  permanent  torsion;  S  is  a  source  of  electric- 
ity, the  wires  yy  and  rod  forming  the  circuit  for  the  current; 
xx'  is  a  wire  coiled  round  the  rod,  with  a  galvanometer  at  C. 
While  the  current  was  flowing,  a  mechanical  couple  PQ  was 
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Jpplied  and  turned  10°  in  the  direction  of  the  permanent 
wist  of  the  rod:  instantly,  a  deflection  of  400  scale-divisions 
■  the  galvanometer  showed  that  this  torsion  changed  the 
lagnetic  condition  of  the  rod  (it  being  under  the  influence 
i  the  source  B),  so  that  a  current  was  thereby  induced  in  the 
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ire  xx';  this  transient  current  was  reversed  by  reversing  the 

rection  of  the  couple  PQ. 

Long  ago,  experiment  showed  that  an  iron  rod  within  a 

Henoid,    through    which    an    interrupted    current    passed. 

Ould  give  out  a  musical  note — due  to  minute  lengthening 

bd  shortening  of  the  rod.  which,  however,  was  not  under 

rsion. 

[  In  one  of  the  preceding  cases,  when  the  current  which 

Etversed  the  long  solenoid  was  interrupted  by  a  tuning- 

:  driven  electrically,  an  iron  wire  subject  to  torsional  set, 

Ithin  the  solenoid,  gave  out  a  loud  musical  note — due  to 

Jrsional    vibration,   and   that   so   great   that   when   a   light 

nnter  was  fixed  to  the  free  end  of  the  twisted  rod,  a  record 

I  its  vibrations  was  produced  on  the  moving  smoked  glass 

rface  of  a  chronograph:  no  difficulty  was  found  in  obtain- 

5  a  ciear-cut  record  of  one  thousand  vibrations  per  second. 

191.  Magnets   are   composed  of  small  magnetized   par- 

— This  is  a  theory-  of  remote  origin  which  has  come 

1  with  varying  features  as  one  physicist  or  another  has 

It  his  impress  upon  it;  quite  recently  it  has  received  experi- 
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mental  illustration  from  Prof.  Ewing.  What  the  nature  of 
magnetism  exactly  is,  forms  no  part  of  the  theory;  the  fact 
is  taken  as  a  starting-point  that  every  magnetic  substance  is 
composed  of  infinitely  small  particles,  each  ever  and  always 
a  magnet  in  itself;  that  the  iiiciiscriminate  mingling  of  these 
particles  in  any  mass  so  confuses  their  fields  that  there  is  no 
resultant  effect — no  magnet — only  a  neutral  state:  whereas. 
when  they  are  wheeled  into  line  wholly  or  in  part,  we  have 
a  magnet  of  corresponding  strength. 

In  any  process  of  magnetization  certain  phases  are  ob- 
served in  the  metal  under  experiment:  at  first  the  magnetic 
condition  is  acquired  slowly,  then  rapidly,  and  at  last  tentis 
toward  a  limil  which  cannot  be  surpassed,  however  great  the 
inducing  powL'r:  shock,  twist,  and  tension  assist  the  process; 
and  withdrawal  of  (he  inducing  power  leaves  a  residue  of 
magnetism  in  the  substance.  To  illustrate-  these  phases  and 
the  theory  of  atomic  magnets,  a  multitude  of  small  magnets 
were  prepared  and  variously  grouped,  and  their  behavior 
watche<[  when  under  each  other's  influence  alone,  and  also 
when  controlled  by  a  magnelic  field. 

Fig.  336  represents  one  of  these  magnets — a  piece  of  steel 


Fig.  336. 

w-ire  two  inches  long,  one-tenth  inch  thick,  bent  at  both  ends 
to  lower  the  center  of  gravit}-,  and  pivoted  on  a  sewing- 
neetlle  stuck  into  a  little  leaden  base;  the  pole  strength  is 
sufficient  to  constitute  the  controlling  force  when  two  or 
more  are  near  each  other,  thus  masking  the  directive  power 


MOLECULAR    THEORY  OF  MAGNETISM,  483 

of  the  Earth;  they  swing  freely  in  the  horizontal  plane — a 
representation  but  in  part  of  the  atomic  magnets  of  a  mass, 
which  are  free  to  move  in  any  direction. 

A  large  number  of  these  magnets  are  set  on  a  board  in 
rows — by  two's,  in  groups  of  three,  of  four,  and  more — their 
pedestals  forming  regular  figures,  but  the  magnets  them- 
selves assuming  a  variety  of  configurations:  two  alone  set  as 
in  Fig.  337;  a  Hne  of  magnets  generally  forms  as  in  Fig.  338, 


Fig.  337,  Fig.  338. 

but  again  unaccountably  becomes  broken  in  sections,  as  Fii;. 
339 »  ^  group  of  four  may  take  any  one  of  the  forms  of  Fis^. 


Fig.  339. 

340  and  a  group  of  seven  any  one  of  the  forms  of  Fig.  341 ; 
and  all  this  variety  of  voluntary  configuration  is  held  in  partial 

\  \    [  \ 
\  \    \  t 

Fig.  340. 

Stability  solely  by  the  reciprocal  pole  influence  of  the  magnets 
themselves  composing  any  group.     What  a  helter-skelter  niing- 

y  /       \'\       —- 

\//    \\\    \^/    \-/ 
\/       \\        \/       \/ 

Fig.  341. 

ling  the  atomic  magnets  of  any  mass  of  iron  must  form,  since 
they  are  free  to  turn  in  any  way!  These  various  groupintrs 
produce   no   external   magnetic   effect,   because   they    form 
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closed  circuits,  as  it  were,  thus  accounting  naturally  for  the 
neutral  state. 

Now,  with  a  muhitude  of  these  little  magnets  set  in  reg- 
ular lines  on  a  board,  and  the  magnets  themselves  forming 
any  configuration  that  their  mutual  polar  influence  impels 
them  to,  let  a  magnetic  flux  sweep  through  them,  and  ob- 
serve the  effect:  this  is  best  accomplished  by  sliding  the 
board  into  an  open  rectangular  frame  wound  loosely  wilh 
wire,  so  that  the  magnets  may  be  seen  through  the  turns. 
and  sending  a  current  through  the  solenoid  thus  formed.  At 
the  first  surge  of  the  magnetic  flood,  a  few  of  the  little  mag- 
nets swing  into  its  direction  and  the  assembled  multitude 
begins  to  have  an  exterior  field — the  nascent  magnet  has  had 
its  birth;  a  stronger  current,  and  more  of  the  little -magnets 
turn  into  line — the  magnet  grows  and  its  field  acquires  ex- 
panse and  strength:  still  stronger  current,  and  eventually 
every  one  of  the  group  forsakes  the  influence  of  its  neigh- 
bor and  becomes  dominated  by  the  inducing  force;  further 
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yu;.  .H=.  F"^-  343-  Fic.  344. 

icic,i>o  -'I  tbi<  can  do  no  more — the  large  magnet  composed 
[  >ni,ill  one.-;  has  auained  its  lull  power. 

riii-sc  several  staj^cs  may  he  illustrated  by  Figs,  342,  343, 
11. 1  ^144:  in  Imj;.  34-'  wo  have  tiie  neutral  state  which  gives 
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■way,  first  slowly  and  then  rapidly,  to  the  magnetic  condition 
of  Fig.  343.  where  all  the  little  magnets  form  columns,  but 
still  with  a  vestige  of  each  other's  polar  influence  keeping 
them  out  of  Hue  with  the  inducing  power,  H;  this,  however, 
finally  controls,  and  the  limit   of  possible  magnetization  is 
reached  in  Fig.  344.  where  every  little  magnet  is  parallel  to 
the  direction  H  of  the  inducing  field. 

From  the  avidity  with  which  the  south  pole  of  one  little 
magnet  will  seek  the  north  pole  of  another,  or  from  the  va- 
ried configurations  that  a  group  of  them  will  assume — en- 
tirely oblivions  of  the  ti-eaker  dircctiiif^  force  of  the  Earth — it  is 
evident  that   this  mutual  magnetic  affinity  of  the  particles, 
■when  very  strong,  as  it  well  may  he  in  iron  and  steel,  consti- 
iutes  3  sufficient  force  to  account  for  the  resistance  of  those 

h 

1 

t 
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1   tnetals  to  instantly  taking  on  the  magnetic  condition 
1    perienced  in  practice,  it  takes  time  to  sever  these 
f    bonds,  and  cause  the  agglomerate  mass  to  exhibit  c 
I     tinctive  outward  aspect. 
1           The  increase  of  the  inducing  field  and  gradual  con 

as  ex- 
natural 
ne  dis- 

ormity 
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of  the  little  magnets  to  its  direction — that  is,  the  corresponil- 
ing  growth  of  inducing  and  induced  magnetism  may  be  illus- 
trated by  Fig,  345:  in  this,  values  of  the  former  are  repre- 
sented on  the  horizontal  line,  and  of  the  latter  on  the  vertical; 
the  resulting-  curve  grows  uniformly  from  the  origin  0  to 
the  point  A;  then  between  A  and  B  there  is  a  large  increase 
in  the  induced  magnetism  tor  a  small  increase  of  field;  while 
from  B  ouward  the  induced  magnetism  grows  ver>'  slightly 
with  large  increase  of  field.  The  curve  clearly  tends  toward 
a  horizontal  line— a  limit  of  magnetization — saturation  of  the 
mass. 

If  at  A  the  inducing  field  had  been  suppressed,  the  few 
small  magnets  that  had  swung  into  line  and  had  created  a 
weak  exterior  field,  would  return  to  their  original  position — 
the  field  would  vanish — and  there  would  be  no  resi<iual  mag- 
netism. 

On  the  other  hand,  if  the  inducing  force  had  been  sup- 
pressed only  at  the  point  R,  there  would  be  considerable 
residua]  magnetism:  more  than  this,  so  set  are  many  of  the 
little  magnets  in  the  constrained  position  that  the  inducing 
field  had  put  them,  that  they  do  not  return  to  the  same  con- 
dition at  corresponding  opposite  values  of  inducing  field, 
btit  at  all  stages  there  is  residual  magnetism — a  cycle  of  field 
produces  what  is  called  hysteresis. 

Jarring  tlic  board  upon  which  they  are  set,  will  evidently 
help  to  •ihake  the  little  magnets  free  from  their  mutual  thrall 
and  give  the  inducing  field  better  elTect  to  turn  more  of  them, 
and  more  readily. 

.Villi  all  llii.s  varied  action  of  an  inducing  field  upon  a 
group  of  little  magnets  is  wiiat  is  experienced  in  the  actual 
magnetization  of  a  mass  of  iron  by  any  process. 

192.  The  magnetic  condition  due  to  electric  currents. 
— Through  the  labors  of  eminent  physicists  it  has  been 
proved  that  many  substances  in  nature  are  endowed  with 
magnetism;  and  that  iron,  nickel,  and  cobalt  are  distinctively 
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SO,  only  because  they  so  far  transcend  other  elements  in  this 
respect  as  to  remove  these  completely  from  view.  A  parallel 
case  is  found  in  electrical  conduction:  there  are  few  sub- 
stances that  give  free  transit  to  electricity,  as  there  are  also 
few  that  greatly  obstruct  it;  it  is  only  that  some  hinder  so 
little,  and  others  so  much,  that  they  have  been  classified  as 
conductors  and  insulators. 

In  chemical  processes,  it  is  opposites  that  rush  into  each 
other's  embrace,  and  we  must  conceive  that  it  is  their  ulti- 
mate particles — the  atoms — that  thus  combine:  the  action  is 
akin  to  magnetic  and  electric  attraction. 

\nd  again:  when  a  solution  of  any  kind — sulphur,  salt, 
or  nitre — crystallizes,  it  is  its  atoms  that  join  end  to  end 
(like  the  iron  filings  in  a  magnetic  field)  to  form  the  beauti- 
ful tracery  characteristic  of  each  substance. 

Thus,  duality  of  condition,  somewhat  like  the  poles  of  a 
magnet,  is  a  feature  that  runs  through  all  matter;  and  in- 
deed its  varied  manifestations  may  be  but  so  many  phases  of 
one — the  electromagnetic  condition. 

In  a  previous  part  of  this  Treatise,  it  was'shown  that,  for 
results  produced  and  field  around  them,  a  thin  steel  disc  mag- 
net and  a  circular  wire  carrying  a  current  are  absolutely 
identical;  let  the  disc  and  wire  shrink  to  molecular  size,  and 
we  have  two  views  of  the  ultimate  condition  of  magnetism 
■the  magnetized  particle  and  the  electric  current;  both 
equally  produce  observed  results.  The  magnetized  particle 
has  been  represented  as  due  to  the  separation  of  two  fluids 
of  opposite  nature,  whose  recombination  produces  the  neu- 
tral or  non-magnetic  state;  but  this  is  merely  a  material  aid 
to  a  mental  conception — the  question  still  remains,  what  are 
the  two  fluids?  and  this  question  persists,  however  the  idea 
of  a  magnetized  atom  be  varied.  But  pursue  the  electric 
current  to  its  last  resort,  and  a  plausible  explanation  is  af- 
Forded. 

In  electrolysis,  the  liquid  in  the  cell  is  broken  up  into 
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cuosdtoents.  called  m\s;  these  may  be  single,  double,  triple, 
(Mroth«n.ise  multiple  in  their  nature  as  regards  their  equiva- 
lence to  certain  other  elements;  but  as  regards  the  products 
of  disruption  ot  the  electrolyte,  they  are  always  angle — «tu 
— entities  of  matter  that  seek  the  poles  of  the  batter>'.  one 
kind  the  anode,  the  other  the  cathode,  and  there  deliver  up 
the  charge  of  electricity  with  which  they  are  burdened,  the 
o»»e  negaiive.  the  other  i>ositive. 

Xow  every  single  joii,  or  monad,  of  whatever  substance — 
hydrO|:en,  silver,  or  chlorine — has  a  definite  charge  or  quan- 
tity of  electricity:  everj-  double  ion.  or  dyad — as  oxygen, 
litw.  or  <X)pper — has  double  that  charge;  every  triple  ion,  or 
jthh/,  has  three  times  that  charge;  and  so  the  quantity  in- 
creases by  successive  multiples  ot  the  monad  charge  as  we 
tisf  lhrouj;h  the  complex  nature  of  the  ions  of  different  sub- 
M»«ces, 

111  view  of  what  precedes  regarding  the  universality  of  the 
^tp|HtsiteIy  dual  condition  of  the  particles  of  matter,  it  can 
h.inn>  In-  thought  that  the  charge  is  an  adventitious  result  ol 
villi.-  iu^lion  in  the  cell-^more  likely  it  is  an  inherent  attribute 
ot  iiMltor  tl5olf  in  all  its  states — solid,  liquid,  and  gaseous — 
innt  t>i'Ci>uu's  manifest  only  in  dissociation  of  the  tons;  and 
wfn'ii  ii  is  said  that  these  deliver  up  their  charge,  it  may  be  that 
y^^,  \\  (,"(  unly  excites  in  the  electrode  a  charge  or  pulse  equal 
u>  ll^  I'wii,  Consider,  then,  the  charge  a  specific  quantity  on 
,SK  li  .itoni,  and  let  the  atoms  in  all  states  of  matter  have  a 
vihiilm.i;  motion  on  their  axes,  or  an  orbital  movement,  or 
'•k-ili  iv'Uibined,  like  the  Earth  rotating  upon  its  axis  while 
iv\x>l\m>;  round  the  Sun,  this  combined  motion  differing, 
Myv  ill*'  cliiirgc,  from  ion  to  ion:  then  this  whirling-revolving- 
^  S,ti  i;i'd  iUom  presents  the  essential  features  and  effects  of  an 
y\\vliii  lurreiit  circulating  round  the  boundary  of  the  atom, 
.»M,I  iii.»\  »'\plain  the  difference  of  magnetic  condition  in  the 
\M\inil  toinis  of  matter;  for  instance,  a  heavy  charge  with 
mjMvt  iiit'lii'u  would  explain  the  highly  magnetic  state  of  one, 
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vrhile  a  light  charge  with  slow  movement  the  low  magnetic 
ndition  of  another. 
These  molecular  circuits  would  behave  in  any  grouping 
that  may  be  made  of  them  exactly  like  the  little  steel  mag- 
nets previously  described:  it  a  congeries  of  them  constitute 
a  steel  bar,  its  neutral  state  is  due  to  the  indiscriminate  mix- 
ture of  their  axes,  while  the  magnetic  condition  of  more  or  ■ 
^.Jess  intensity  results  from  a  magnetic  flux  turning  these  axes 
^kjn  varying  number  parallel  to  the  axis  of  the  bar, 
'  Consider  the  steel  rod  M,  Fig.  346:  it  has  been  magnet- 

ized to  the  full,  that  is,  all  the  little  circuits  have  been  wheeled 
inio  planes  perpendicular  to  the  axis  of  the  rod;  looked  at 
trom  the  south,  the  currents  proceed  like  the  hands  of  a 
watch — looked  at  from  the  north,  they  proceed  in  an  oppo- 
site direction,  as  in  Fig.  347,  though  both,  in  reality,  are  but 
different  views  of  the  same  thinfj. 


Kir..  34g. 


Take  contiguous  parts  of  any  two  interior  circuits,  and 
it  will  be  seen  that  they  flow  in  opposite  directions  and  there- 
fore neutralize  each  other;  it  is  only  on  the  outer  surface  that 
no  counteracting  current  exists,  and  here  the  portions  pre- 
sent the  aspect  and  efl^ect  of  continuous  currents  flowing 
round  ihe  rod.  as  in  Figs.  348  and  349.  according  to  the  point 
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of  view;  and  the  smaller  the  little  circuits,  the  closer  the  ap- 
proach to  continuous  currents  on  the  outer  surface;  and 
when  molecular,  as  in  the  hypothesis,  the  condition  is  closest 
to  the  semblance. 

However  much  such  a  magnet  be  subdivided,  il  is  evident 
that  the  smallest  part — even  the  atom — will  still  present  the 
features  of  a  magnet. 

Ampere's  lheor>-  is,  that  the  magnetic  condition  is  due 
to  currents  of  electricity  circulating  round  the  atoms  of  mat- 
ter, and  surely,  it  is  more  rational  than  the  theory  of  magnet- 
ized particles;  indeed  it  may  be  said  to  comprehend  this,  ami 
besides,  accounts  for  the  ultimate  condition  of  magnetism. 


Section  Three  i  Inrestigatioii  of  Terrestrial  Uagnetism  by 
Means  of  its  Potential. 

193.  Value  of  this  procedure — The  analytical  treat- 
tuont  of  this  subject  aims  to  formulate  its  principles  so  that 
wi'  can  ]>nss  from  what  is  immediately  under  view — back- 
uavil.  through  what  has  occurred — forward,  to  what  may 
huiijH'ii.  and  be  confident  in  both  cases  that  we  are  treading 
1I10  gri.'at  highways  of  the  phenomenon. 

Iluis.  by  computation  upon  given  facts,  we  can  fill  in  those 
(Ksort  places  that  (through  want  of  observations)  are  devoid 
ot"  reliable  information  regarding  the  magnetic  elements. 
TIu-  tlicory  presented  in  this  section,  and  whose  basic  prin- 
i-iplo.<  were  first  announced  by  Gauss,  is  of  this  nature:  it  es- 
taMislies  certain  relations  between  the  components  of  mag- 
iK-iii-  force  which  are  tnie  in  general,  and  then  expresses 
these  componcius  by  formulae  whose  solution  depends  upon 
obM-rvatious,  To  test  the  accuracy  of  the  formulae.  Gauss 
iMkiilated  the  \'ariation.  Dip,  and  Intensity  for  ninety-one 
pl.u IS  s.attorod  over  the  globe  from  latitude  80°  N.  to  54°  S. 
iiuil  in  ihvers  longitudes:  upon  comparison  of  the  results  with 
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Sie  observed  vajues,  it  was  found  that  the  agreement  war- 
med the  greatest  confidence  in  the  method:  in  the  Varia- 
^on,  the  differences  seldom  reached  1°  in  middle  latitudes, 
while  in  high  latitudes  (where  ships  seldom  go)  they  attained 
n!y  as  much  as  5°  in  a  very  few  cases. 

Even  these  discrepancies  can  be  greatly  reduced  by  a 
more  rigorous  application  of  the  method,  so  that  it  holds  out 
the  best  hope  of  laying  down  with  accuracy  the  lines  of 
Variation,  Dip,  and  Intensity  that  exhibit  the  magnetic  con- 
dition of  the  Earth,  without  actually  visiting  its  every  region; 
jid  even  if  observations  were  made  at  a  sufficieiUly  large 
number  of  places  to  depict  the  magnetic  curves  from  them 
Uone,  it  is  doubtful  if  the  errors  of  all  kinds  entering  into 
rtich  observations  would  permit  a  much  closer  approach  to 
he  true  state  of  terrestrial  magnetism  than  would  be  af- 
[^orded  by  Gauss'  method  of  calculation,  based  on  a  smaller 
iiumber  of  extremely  accurate  observations  in  highly  favored 
localities. 

194.  The   Potential — The   quality   of   magnetism    upon 

■which  Gauss'  theory  is  based,  is  its  power  to  do  work— its 

lenergy — its     Potential — an     attribute     that     runs     equally 

through  many  natural  phenomena,  and  to  which  the  same 

mathematical  treatment  is  applicable.     It  is  like   Pressure 

I  in  Hydrostatics.  Temperature  in  Heat,  Attraction  in  Gravity, 
Rtid  Repulsion  in  Electricity:  all  these  tend  to  motion — to  do 
work. 
Potential  will  be  explained  in  an  elementary  way  by 
means  of  electricity,  as  it  aftords  the  most  striking  illustra- 
tion. Consider  Fig.  350:  A  is  an  insulated  metal  ball  charged 
with  a  quantity,  e,  of  electricity;  B  is  another,  charged  with 
one  utiit  of  the  same  kind  of  electricity;  around  each  is  a  field 
— a  stressed  electrostatic  atmosphere,  dense  near  the  balls 
but  rarer  and  more  thin  as  we  recede  from  them,  until  even- 
tually a  limit  of  inappreciable  effect  is  reached.  Let  T  be 
_-«uch  a  point  for  both,  B  having  been  brought  up  from  a  great 
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distance;  closer  approach  of  B  toward  A,  as  at  C  and  D,  will 
bring  both  fields  into  conflict,  with  consequent  repulsion,  and 
this  must  be  overcome  by  an  effort — work  must  be  done,  tlie 
amount  of  which  tucreases  as  the  distance  between  the  balls 


lessens:  at  every  point,  however,  it  is  a  definite  quantity  com- 
posed of  two  factors,  the  repulsive  force,  /■',  between  the 
cliarges  and  ibe  distance  over  which  the  movable  ball  5 
has  been  carried.  Let  V  represent  this  work:  it  is  also  the 
power  to  do  work- — the  Potential;  for  if  the  ball,  when  al 
/>,  be  released  frnni  the  hand,  the  work  ilone  and  stored  up 
as  Potential  becomes  active  and  forces  the  ball  back  to  the 
position  B.  If  s  is  the  distance  from  center  to  center  of  tlie 
balls,  then  the  work,  if",  done  in  carrying  B  along  any  por- 
tion CD  of  the  line,  will  be  equal  to  the  difference  of  Potential 
;it  t!ie  two  points,'  that  is. 


II V=  V,.-  '^c  =  F.CD: 


(') 


ur,  fjciierally,  coiisiderini>;  differential  quantities,  dV  =  F .ds, 

or  V  =J'f'.  ds (2) 

the  inicRration  covering  the  length  of  the  line, 

Maj^tiotic  Potential  is  exactly  like  electric;  and  if  one  pole 
ruuM  be  separated  from  lis  congener  in  any  mass  of  steel,  as 
a  ball  is  chargjed  with  one  kind  of  electricity,  the  preceding 
esplauaiion  would  he  directly  applicable  to  Magnetic  Poten- 
tial: il  lu-conu's  s.i  at  any  rate  by  treating  the  other  pole  with 
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opposite  sign,  just  as  should  have 
of  electricity  of  the  other  kintJ. 

And  magnetic  work  in  no  wise  differs  from  electric — 
both,  like  the  work  done  by  a  falling  body,  being  expressed 
by  the  product  of  two  factors,  a  force  and  the  distance 
through  which  it  acts,  as  in  equation  (2). 

Around  each  ball  in  Fig.  350  is  a  series  of  circles  drawn 
arbitrarily — they  are  sections  by  the  plane  of  the  paper  of  a 
nest  of  concentric  shells:  the  surface  of  each  shell  being  the 
same  distance  from  the  center,  its  potential  has  a  uniform 
value,  and  the  whole  series  is  called  equipotential  surfaces;  of 
course  they  may  be  few  or  many,  according  as  we  wish  to 
stride  through  the  potential  or  pass  over  it  by  imperceptible 
gradation.  Lines  perpendicidar  to  these  surfaces — in  this 
case,  radii  from  the  centers  of  the  balls— are  called  lines  of 
force,  and  it  is  along  such  lines  that  electroniagnelic  bodies 
move  when  work  is  done:  as  work  is  equivalent  to  difference 
of  Potential,  therefore,  no  work  is  done  when  an  electromag- 
netic body  moves  011  an  equipotential  surface,  and  also  it  may 
pass  by  any  route  between  two  points  of  different  potential 
and  the  work  done  will  be  the  same  in  all  cases. 

Whatever  Terrestrial  Magnetism  be  due  to — whether  lit- 
tle magnetized  particles  or  molecular  currents — the  field 
produced  is  the  same;  a  region  of  force  and  potential,  wliich, 
if  visible  like  a  hazy  atmosphere,  would  appear  dense  in  polar 
regions  and  thin  in  equatorial  zones,  and  therefore  of  variable 
value  from  point  to  point  both  of  the  Earth  and  the  space 
about  it.  This  field,  like  the  ring-growth  of  trees,  may  be 
laminated  into  equipotential  surfaces — not  the  symmetrical 
shells  of  a  uniformly  charged  ball,  but  warped  surfaces,  typi- 
cal of  the  irregular  distribution  and  intensity  of  terrestrial 
magnetism,  and  which  hence  have  no  necessary  conformity 
to  the  surface  of  the  Earth,  but  cut  it  irregularly:  where  this 
is  the  case,  we  have  magnetic  parallels  encircling  each  pole  in 
ever-widening  contours  until  both  systems  meet  in  a  line  of 
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nul-potential — near  the  magnetic  equator.  Everywhere, 
perpendicular  to  these,  are  the  magnetic  meridians  converg- 
ing toward  their  respective  poles.  Fig.  351  illustrates  the 
formation  of  magnetic  parallels:  tlie  lower  part  is  a  vertical 
section  through  the  Earth  and  its  equipotcntial  surfaces  by 


the  plane  of  the  paper — EE  being  an  outline  of  the  Earth, 
and  ViVj  ...  V,  outlines  of  equipotcntial  surfaces;  above, 
at  ABCD,  are  the  closed  curves  on  the  surface  of  the  Earth 
formed  by  the  equipotential  surfaces  intersecting  the  surface 
of  the  Earth,  just  as  the  contour  lines  of  rising  ground  result 
from  a  series  of  cutting  planes  at  different  levels.  The  figure 
represents  two  possible  foci  of  KJiequal  strength  and  same 
name,  P  and  P'. 

195.  The  potential   a  fuaction    of   coordinates Since 

the  intensity  of  the  magnetic  field  varies  from  point  to  point, 
it  is  evident  that  this  variabilitv  dejiends  upon  the  distance  of 
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whatever  point  is  considered,  from  some  origin.  This  dis- 
tance may  be  represented  in  two  ways — by  a  direct  Hne,  or  by 
its  components:  consider  a  view  of  the  northern  hemisphere 
in  Fig,  352;  M  and  N  are  the  magnetic  and  geographical 


poles  respectively;  OP,  drawn  in  a  definite  direction,  is  the 
direct  distance  from  0  to  F,  bnt  this  point  is  equally  well  de- 
fined by  drawing  the  rectangular  components  of  OP,  that  is, 
'OK.YH,  and  HP  parallel  to  the  rectangular  axes  6W,  Of, 
and  ON;  or  again,  if  NGO  and  NLO  are  great  circles  perpen- 
dicular to  ihe  plane  of  the  terrestrial  equator  OGh,  then  F 
becomes  definitely  known  by  its  latitude  LP,  and  longitude 
Ch  from  some  prime  meridian.  Similarly,  the  points  P^P^ 
.  .  ,  P„  may  be  located,  each  involving  a  change  in  one  or  all 
of  the'  coordinates  to  transfer  it  to  a  new  spot  either  in  the 
Earth,  on  its  surface,  or  amidst  outer  space,  where  the  Po- 
tential has  a  particular  valne^difTerent  from  other  places — 
and  thus  with  every  remove,  even  the  smallest,  the  Potential, 
Tarying  with  the  coordinates,  becomes  a  function  of  them. 
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and  iti  like  manner  the  force  F  may  be  resolved  in  the  direc- 
tion of  Y  and  Z;  whence, 

dV 

dV 

dV 

In  order  to  pass  from  rectangular  coordinates  to  geograpli- 
ical  latitude  and  longitude,  let  NOP  =  6^  =  co-latitude  of  F; 
GOL  =  0  =  its  longitude  from  Greenwich;  and  r  =  OP: 
then  the  equivalent  differential  expressions  in  both  systems 
of  coordinates  are, 

dx  =  —  r .  d6; (lo) 

d}'  =  —  r  .  sin  ^  .  d<p ;  .      .     .      .     ( 1 1 ) 

^/cr  =  dr (l2) 

Substituting  these  in  (7),  (8),  and  (9),  they  become: 

^•"         dx"         r'dS' ^^3) 

dV  _  I         dV 

dy  ''        r.s'mO'  d<f>''     *      *     ^^^^ 
dV  _       dV 
^  ^  ^  dz   "  '^  dr (^5) 

These  three  equations  express  the  Magnetic  Force  at  any 
point  in,  upon,  or  outside,  the  Earth,  by  three  components: 
one,  X,  directed  toward  the  geographical  north;  another,  F, 
toward  the  geographical  west;  and  the  third,  Z,  tow^ard  the 
zenith  of  the  point — and  all  in  terms  of  latitude,  longitude, 
the  radius  of  the  spherical  shell  upon  which  the  point  is  lo- 
cated, and  the  differential  of  the  Potential  at  that  point;  this 
becomes  restricted  to  the  surface  of  the  Earth  by  making  r 
equal  to  its  radius. 
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196.  The  fundamental  equations 

Fig.  352,  consider  a  differential  porti 
bounded  by  the  magnetic  meridians 
netic  parallels  A  and  B  (this  diftereti^ 
greatly  enlarged  for  the  sake  of  cle 
a  spherical  shell  of  radius  r,  establi 
A',  Yy  Z — the  last  pointing  toward, 
the  first  and  second  toward  the  gi 
respectively;  X  being  tangent  to 
angle  QPW  formed  by  it  and  t 
the  Variation — denote  it  by  F,  a* 
B  are  parallels  of  different  pot 
to  both,  the  work  done  in  passin 

the  minus  sign  indicating 
W  ioP. 
From  (3), 

Fz 

and  thus  the  magnetic  foir 
dififerential  of  the  potenti 
differential  of  the  norma" 
same  point.    To  resolve 
multiply  It  by  the  cosv      : 

but  from  the  differc 


.  .  (16) 

.  .  (17) 

.  .  (18) 

.  .  (>9) 

.  .  (20) 


.    .    (21) 


.    {22) 


(23) 


whence  substitut: 


V 


[24) 


.      \2l) 
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!).  (2i),  (23),  and  (25)  give  the  Magnetic 

[US  of  the  components  X,  Y,  Z;  and  these 

fty  equations  (13),  (14),  and  (15),  depend  on 

,  Kmgilnde.  and  magnetic  potential  of  the  point 

The  complete  solution  of  these  equations  as  re- 

FPolenlial  in^'olves  the  employment  of  Laplace's 

\  (or  Spherical  Harmonics,  as  they  have  latterly 

I  branch  of  analysis  of  general  application  in 

ilrescarch,  and  which  is  beyond  the  plan  of  this  Treat- 

,1  with:  suffice  it  to  say,  that  it  is  a  means  of  express- 

nverging  series  values  of  the  quantities  sought,  and 

'.  the  number  of  terms  taken,  determines  the  degree  of 

fflracy  attained  in  the  result. 


CHAPTER   XII. 

THE   ELECTROMAGNETIC    THEURY    OF    LIGHT. 

"The  cleclromagnelic  theorj'  of 
light  adds  lo  vhe  old  undulaioty 
theory  an  enormouB  province  ol  tran- 
scendent interest  and  importance;  it 
demands  of  us  not  merely  an  explaai- 
lion  of  all  the  phenomena  cl  liglil 
>nd  radiant  beat  by  transverse  vtbra- 
Ilons  of  an  elastic  solid  called  ethei, 
but  also  the  inclusion  of  electric  cur- 
rents, of  the  permanent  magnelimi 
of  steel  and  lodestonc,  of  magnetic 
forre.  and  of  eleclroBtalic  force,  ina 
comprehensive  ethereal  dynamics." 
Lord  Kelvin. 

Section  Oae :  Reciprocal  Action  of  Light,  Electricity,  and 
Magnetism. 

197.  Light  excites  a  current  of  electricity,  and  produces 
the  magnetic  condition, — Just  as  zinc  and  copper  immersed 
ill  acid  yield  a  current  of  electricity,  so  two  sensitive  plates 
may  be  prepared  from  a  variety  of  substances  which  will  pro- 
duce a  current  in  a  wire  connecting  them  when  lip^ht  (alls  on 
one  of  the  plates  while  the  olher  is  screened:  the  light,  like 
the  acid,  excites  the  flow  and  determines  its  direction — this 
alternating  with  the  plate  exposed.  Combinations  of  such 
plates  with  a  liquid  are  called  photoelectric  cells,  in  contra- 
distinction to  the  ordinary  voltaic  cell. 

Of  all  the  metals,  a  seleno-aluminum  cell  gives  the  best 
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results:  to  form  it,  two  clean  plates  of  aluminum  are  pre- 
pared— one  is  spread  with  a  thin  layer  of  selenium,  and  both 
are  then  dipped  in  alcohol  and  connected  by  a  fine  wire,  with 
a  quadrant  electrometer  in  circuit. 

Upon  exposure  of  the  sensitive  plate,  it  responds  instantly 
to  the  luminous  action  by  a  movement  of  the  electrometer- 
needle,  and  the  current  as  quickly  disappears  upon  with- 
drawal of  the  light.  Even  the  passap:e  of  a  cloud  or  inter- 
position of  the  hanil  varies  the  current.  A  seleno-aluminum 
cell  has  been  set  in  action  by  the  light  from  a  match  a  few 
feet  distant,  the  current  generated  closing  the  circuit  of  a 
voltaic  cell  in  conneclion  with  it  and  thus  setting  in  motion 
the  final  object — an  electric  hell. 

The  cell  transforms  the  energy  it  receives  as  light  into  an 
electric  current,  which  in  turn  performs  some  useful  work  of 
a  simple  nature. 

Although  all  light  will  excite  electricity  in  a  photoelectric 
cell,  still  the  different  colors  produce  currents  of  variable 
strength.  When  light  is  decomposed  by  a  prism  and  the 
sensitive  plate  is  successively  exposed  to  the  several  colors,  it 
is  found  that  with  some  elements  red  excites  but  a  feeble  cur- 
rent, and  blue  a  strong  one,  while  with  the  seleno-aluminum 
cell,  it  is  the  yellow  that  creates  the  strongest  current. 

The  element  selenium  illustrates  in  itself  the  influence  of 
Light  upon  Electricity:  experiments  have  proved  that  light 
falling  upon  a  rod  of  this  substance  will  start  and  maintain  an 
electric  current  in  it — the  current  rising  instantly  upon  ex- 
posure to  the  light  and  ceasing  upon  its  removal.  Again: 
selenium  in  its  ordinary  vitreous  condition  is  a  very  bad  con- 
ductor of  electricity,  but  when  carefully  annealed  it  acquires 
a  crystalline  structure  that  reduces  the  resistance;  and  as  be- 
tween light  and  shade  its  conductivity  increases  from  15  per 
cent  in  darkness  to  loo  per  cent  in  daylight;  even  more,  the 
conductivity  increases  as  the  light  grows  brighter:  in  some 
Iray  the  light  opens  freer  passage  to  the  electric  current. 


^nray  the  ligh 
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The  following  extract  from  Prof.  A.  E.  Dolbear  vouches 
for  the  fact  that  Light  produces  the  Magnetic  Condition; 
"  Circularly  polarized  light  is  like  water  issuing  from  a  gar- 
den*hose  when  the  nozzle  is  swung  round  in  a  circle — it  Is  a 
kind  of  spiral  advance — and  this  was  the  nature  of  light  re- 
flected from  the  polished  face  of  an  electromagnet.  ...  By 
the  converse  of  this,  that  is,  concentrating  a  large  beam  of 
ordinary  plane  polarized  light  with  a  quartz  lens  and  passing 
it  through  a  quarter-wave  plate  at  the  proper  angle,  a  power- 
ful beam  of  circularly  polarized  light  was  obtained.  At  the 
focus  of  this  beam  a  line  cambric  needle  without  niagnctism 
was  placed  so  that  the  light  passed  it  longitudinally.  Ten 
minutes'  exposure  was  sufficient  to  make  it  decidedly  mag- 
netic. 

"  Hence  1  infer  that  llie  inoiinns  wbicli  we  call  magnetic 
attractions  anil  repulsions  may  be  quite  analogous  to  such 
helical  motions;  also  that  these  motions  exist  in  ether,  and 
evidently  may  be  either  right-  or  left-handed." 

198.  Spectrum  lines  resolved  into  two  or  more  com- 
ponents by  a  magnetic  field. — When  a  spark  from  an  in- 
iliiciion-ci.'il  [lasses  hetwcen  electrodes  of  any  two  elemenia— 
say  cadmium  anri  zinc — an<i  its  light  is  transmitted  th^oug^ 
a  prism,  the  resulting  spectrum  is  compose<l  of  a  series  or 
bright  lines  characteristic  of  the  elements  used.  With  no 
extraneous  means  taken  to  affect  them,  these  lines  appear  10 
the  eye  as  bands  of  definite  width;  but  if  the  source  of  light  lie 
placed  in  the  midst  of  a  strong  field  created  by  a  powerful 
electromagnet,  the  bright  lines  are  no  longer  single,  but 
midtiple.  and  variously  so. 

A  very  strong  field  and  high  dispersive  power  of  the 
prism  are  essentia!  to  produce  these  results. 

Fig.  353  represents  the  decomposed  lines  of  the  spec- 
trum: in  {i)  we  have  a  band  flanked  by  single  lines  of  less 
width;  in  (2)  a  quartet — two  central  lines  and  two  side  bands; 
in  (3)  a  doublet  of  bands;  in  (4)  two  pairs  of  same  width;  in 
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(5)  a  sextet  of  slender  lines — and  each  group,  the  outcome 
of  a  bright  line  or  band  that  was  originally  single  and  uni- 
form. Furthermore,  these  resolved  lines  are  polarized,  and 
variously  so;  some  circularly — others  plane,  and  of  these  lat- 
ter, in  the  case  of  a  triplet,  for  instance,  the  polarization  in 
the  central  line  is  at  right  angles  to  that  in  the  side  lines,  as 


(1) 


(2) 


(8) 


(4) 


(5) 


Fio.  353- 

may  be  proven  by  a  Nicol  prism,  which  alternately  extin- 
guishes the  inner  or  outer  lines  according  to  the  way  in 
which  it  is  turned. 

When  the  current  in  the  electromagnet  is  stopped,  these 
groups  of  component  lines  merge  into  their  original  single 
lines  or  bands  of  uniform  aspect,  only  to  appear  again  when 
the  magnet  is  alive  with  current.    It  may  be  stated  that  what 

has  thus  been  realized  by  experiment  was  at  first  partly  indi- 

i 

cated  or  predicted  by  the  electromagnetic  theory,  which  is 
based  on  the  rotating-orbital  motions  of  the  electrons — the 
charged  ions  of  matter. 

199.  Electric  currents  displaced  by  a  magnetic  field. — 
The  action  of  ^nagnetism  upon  electricity  is  proven  by  va- 
rious facts:  the  electric  arc,  the  brush-discharge,  and  the 
luminous  bands  of  a  vacuum-tube  (which  are  only  electrified 
streams  of  particles  of  matter)  are  all  swayed  and  twisted 
about  like  flexible  conductors,  by  means  of  a  magnet  and  a 

RAPIDLY  REVOLVING  DISC  CHARGED  WITH  STATIC  ELECTRIC- 
ITY BEHAVES  TOWARD  A  MAGNET  LIKE  A  FEEBLE  CIRCULAR 
CURRENT. 

The  following  shows  an  intimate  connection  between 
electricity  and  magnetism:  in  Fig.  354,  F  is  a  sheet  of  i^old 
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leaf  to  which  the  poles  A  and  A'  of  a  battery  B  are  led  by  wires; 
C  is  a  galvanometer  connected  by  wire  to  the  equatorial  line 
of  the  gold  leaf,  and  matters  may  be  so  arranged  that  when 
the  current  passes,  no  deflection  of  the  needle  will  occur;  in 
this  case,  it  is  evident  that  tlie  electricity  spreads  out  in  a  u 


Flc.  354. 


Fig.  355, 


I 


form  sheet  between  the  poles  A  and  K,  which  condition  may 
be  represented  by  the  symmetrical  (soHd)  hnes  £...£; 
these  are  crossed  at  right  angles  by  the  equipotential  (dotted) 
lines  P  .   .  .  P,  also  symmetrical. 

Now  if  this  uniform  flow  be  subjected  to  an  intense  fieli 
by  bringing  a  pole  of  an  electromagnet  on  each  side  of  the 
hat'  F  and  perpendicular  to  its  plane,  then  the  galvaiiometer- 
needle  will  be  steadily  deflected,  its  connections  with  the  leal 
remaining  unchanged.  The  current  through  the  galvanom- 
eter is  due  to  a  difference  of  potential,  which  can  arise  only 
by  the  electric  flow  in  the  gold  leaf  being  l-n'istcd  out  of  sym- 
metn.'  (as  in  Fig.  355)  by  the  magnetic  field,  thus  hritiging 
poirfts  of  different  potential  to  the  gaJvanometer  lerminala. 

This  effect  upon  the  electric  flow  varies  in  both  direction 
and  degree  with  the  kind  of  metal  of  which  the  leaf  is  made 
— it  is'  feeble  in  gold,  strong  in  bismuth,  but  in  the  same 
direction  in  both;  while  it  is  in  the  opposite  direction  in  iron 
and  tellurium,  moderate  in  the  former  and  immensely  strong 
in  the  latter. 
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200.  The  plane  of  polarized  light  rotated  by  a  mag- 
netic field. — The  ether  of  space  may  be  a  medium  of  close 
structure,  like  jelly  or  elastic  rubber,  in  which  case  a  move- 
ment in  it  would  be  of  the  nature  of  compression  at  certain 
]>oints  and  dilatation  at  contiguous  ones — a  stress  in  both 
cases  that  is  passed  on  as  a  deformation  of  the  mass.  It  may 
also  be  of  loose  structure,  like  air,  and  then  a  movement 
would  consist  of  an  oscillatory,  rotary,  or  right-line  motion 
of  the  particles,  or  a  combination  of  these  motions. 

The  movement  in  the  ether  called  Light  is  conceived  to 
be  a  lo-and-fro  motion  of  ihe  medium,  either  as  a  mass  or  as 
particles,  across  the  path  in  which  the  ray  is  traveling. 

By  both  natural  and  artificial  means  this  movement  is 
variously  modified — polarized;  that  is,  certain  features  have 
been  observed  in  light  to  which  this  term  is  applied. 

Polarized  light  may  be  plane,  circular,  or  elliptical, 
though  in  reality  the  two  first  are  but  particular  cases  of  the 
last :  the  three  conditions  will  be  illustrated  in  a  crude  way  by 
mechanical  movements,  rather  than  an  attempt  made  to  ex- 
plain them. 

If  a  garden-hose  be  held  steady  in  the  hand,  the  issuing 
stream  will  have  the  semblance  of  a  glass  rod  nearly  straight: 
if  the  nozzle  be  moved  rapidly  from  side  to  side,  the  stream 
will  consist  of  undulations  in  a  horizontal  plane;  if  up  and 
down,  they  will  be  in  a  vertical  plane;  both  are  typical  of 
plane  polarized  light— -a  wavy  motion  restricted  to  one  plane. 
If  the  nozzle  be  swung  round  in  a  circle,  the  stream  advances 
in  a  symmetrical  spiral;  and  if  in  an  ellipse,  the  water  de- 
scribes a  helicoidal  curve:  the  former  typifies  circularly  polar- 
ized light,  and  the  latter  elliptical.  In  this  illustration,  it  is 
not  asserted  that  the  medium  actually  moves  as  the  water 
does:  it  is  only  motion  that  is  transmitted,  as  may  be  exactly 
illustrated  by  a  rope  attached  at  one  end  to  a  swivel  in  a  wall, 
the  other  end  being  held  in  the  hand;  by  moving  the  latfer 
;ht  and  left,  or  up  and  down,  or  in  a  circle,  or  ellipse,  the 
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corresponding  sinuosities  are  identical  with  those  of  the 
stream  from  tfie  hose;  there  is  this  difference,  however — here, 
only  motion,  is  communicated  from  point  to  point;  there,  the 
nxaier'xal  particles  proceed  onward. 

Again,  to  afford  another  idea  of  the  movement  of  light 
and  its  polarized  phases,  consider  a  wheel  susceptible  of  mo^^ 
tion  along  an  axle  at  the  same  time  that  it  rotates:  let  ea<^^| 
spoke  lie  the  path  of  a  molecule  oscillating  from  hub  to  tire;  ■ 
then  if  the  wheel  be  pushed  (without  revolving)  along  tne 
axle,  the  direction  of  this  axle  is  the  ray,  and  the  oscillation 
of  the  molecules  along  the  spokes  produces  the  movement 
calleil  light.     If  all  the  spokes  but  two — those  in  the  vertical 
line — be  removed,  we  have  oscillation — polarization — in  the 
vertical  plane  only;  similarly,  if  all  but  the  two  horizontal 
spokes  be  removed,  we  have  polarization  in  that  plane  only: 
and  it  is  evident  that  by  suppressing  all  the  spokes  except 
any  two  in  the  same  diameter,  we  get  polarization  in- the  coi 
responding  plane  which  is  traced  out  -by  pushing  the  who 
straight  along  the  axle. 

If,  while  the  wheel  is  pushed  along,  it  also  rotates,  a  point 
on  the  lire  will  move  as  if  circularly  polarized;  this  becomes 
elliptical  if  the  wheel  has  spokes  of  difTerent  length  at  right 
angles  to  each  other:  and  in  both  cases,  the  Period  is  the  time 
it  takes  the  point  on  the  tire  to  make  one  turn,  and  the 
Wave-length  is  the  length  of  the  axle  along  which  the  wheel 
advances  while  the  point  makes  one  complete  revolution. 

Polarization  may  be  produced  Ijy  rellection  of  light  at  a 
suitable  angle  from  a  surface,  or  by  transmission  through 
certain  crystals  (as  Iceland-spar)  specially  cut  and  prepared, 
and  then  called  Nicol  prisms:  the  way  in  which  these  prisms 
produce  it  may  be  illustrated  by  the  stream  of  water  from 
the  hose;  point  it  at  a  picket  fence  and  wag  the  nozzle  rapidly 
up  and  down^ — -the  water  will  pass  freely  through  the  spaces 
between  the  pickets,  and  if  we  were  on  the  other  side  of  ihcni, 
we  should  see  only  the  effects,  just  as  we  should  see  only 
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larized  light  in  a  vertical  plane  after  it  had  passed  through 
s  prism  held  in  a  particular  way;  similarly,  if  the  hose  were 
Lgged  from  side  to  side  while  pointed  at  a  rail  fence,  the 
water  would  go  through— polarization  in  a  horizontal  plane: 
but  if,  in  the  case  of  the  picket  fence,  especially  with  the  slats 
[uiie  close,  the  hose  were  moved  from  side  to  side  quickly, 
itlle  or  no  water  will  pass  through — it  merely  splashes 
,nst  the  pickets  as  against  a  solid  wall;  and  so  when  we 
turn  the  Nicol  prism  at  right  angles  to  the  position  in  which 
it  formerly  let  light  through,  it  will  now  quench  it.  A  cir- 
cular or  elliptical  motion  of  the  nozzle — that  is.  correspond- 
png  polarization — will  allow  a  little  water  to  get  through 
'ieither  picket  or  rail  fence  at  all  points  of  ihe  circuit:  and  this 
is  also  the  case  with  those  crystals  that  produce  double  re- 
fraction and  circular  and  elliptical  polarization;  light  gets 
through  them,  however  turned — faintly  in  some  positions, 
brightly  in  others — maxima  and  mininia^ — jiist  as  will  occur 
with  the  water  and  the  fences. 

Before  proceeding  with  the  subject  proper  of  this  article, 
in  experiment  will  be  described  that  tends  to  prove  the  elec- 
magnetic  condition  to  be  one  of  strain,  Many  crystals 
have  the  property,  naturally,  of  splitting  a  ray  of  light  enter- 
ing them,  so  that  two  rays,  instead  of  one.  emerge:  it  is  called 


^^oubie  refraction;  it  is  due  to  the  substance  being  more  dense 

^bi  one  direction  than  another.     This  result — splitting  an  in-  h 

^Bident  ray  into  two  emergent  ones — may  also  be  produced  by  ■ 

^Borious    means:    flexure,    vibration,    compression — thereby  S 

^Artificially  imparting  to  the  substance  a  double   refracting  fl 

Hpower  it  did  not  previously  possess:  thus,  glass  of  uniform  ^ 
density,  when  pressed  on  opposite  sides,  splits  a  ray  of  light 
just  as  Icelnnd-spar  does  naturally;  by  mechanical  means  it 
has  been  forced  into  a  state  of  strain;  and  upon  relief  from 

this,  by  electrical  means  it  may  again  be  thrown  into  a  con-  J 

dition  that  produces  double  refraction.  ■ 

Other  substances,  solid  and  liquid,  have,  by  compression,  fl 
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its  axis  must  be  turned  by  a  certain  angle  to  extinguish  it 
again:  thus  the  plane  of  the  light  has  been  twisted  as  shown 
in  Fig.  358. 


If  the  current  be  suppressed,  the  axis  of  the  analyzer  A 
must  be  turned  back  to  the  horizontal  position  again,  in  or- 
der to  stop  the  light;  if,  on  the  contrary,  the  current  be  in- 
creased, the  twist  grows  with  it;  it  the  polarity  be  reversed, 
so  is  the  direction  of  the  twist;  if  the  glass  be  of  greater 
length,  this  also  will  increase  the  twist:  all  which  prove  that 
it  is  the  magnetic  condition  that  causes  the  twist. 

Other  substances  besides  glass,  placed  in  the  magnetic 
field,  proiluce  this  twist,  but  in  varying  degree  and  direction: 
the  rotary  power  of  iron  is  so  great  that  a  block  of  it  one 
inch  thick,  magnetized  to  saturation,  would  turn  the  plane  of 
polarization  completely  round  more  than  a  thousand  times: 
or,  to  state  the  fact  differently,  a  film  less  than  one-thou- 
Fandth  of  an  inch  tliick  would  turn  the  plane  of  polarization 
through  360°:  in  contrast  with  this  is  the  Earth's  magnetic 
field,  through  which  a  beam  would  have  to  travel  north  and 
south  a  distance  of  316  miles  before  Its  plane  would  suffer  a 
twist  of  one  degree. 

Free  space  seems  incapaljle  of  producing  this  rotation — 
the  intervention  of  matter,  and  this  dense  and  feri'aded  by 
uiagjictisw,  is  essential. 

It  is  also  true  that  many  natural  substances — quartz  and 
other  crystals,  as  well  as  a  variety  of  vegetable  solutions — all 
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E  of  the  picket  fence  and  the  hose  waved  at  it  in  two  di- 
tions  at  right  angles  to  each  oiher. 
^  When  the  machine  is  in  rapid  action,  and  the  stress  in  the 
tss  great,  light  comes  through  in  every  position  in  which 
fc  analyzer  A  may  be  turned — the  strained  condition  of  the 
5  has  converted  the  plane  polarized  beam  entering  it  inta 
ly  polarized  ligjit  on  emergence,  whose  maxima  and 
[hima  intensities  appear  as  double  refraction.  It  is  again 
t  experience  of  the  hose-stream  and  t'ne  picket  fence. 
'  To  return  to  the  subject  of  this  article;  the  rotary  motion 
Magnetism  twists  the  oscillatory  movement  called 
ine  polarized  Light  into  a  spiral  surface  like  the  nether  side 
\  winding  stair-case.    Consider  Fig,  357:  M  is  a  section  of 


s  electromagnet,  whose  poles  N  and  5"  are  bored  through  to 
;  passage  to  a  beam  of  light;  P  and  A  are  two  Nicol 
liBms;  (7  is  a  block  of  dense  glass. 

The  light  from  L  is  polarized  in  a  vertical  plane  by  P\  it 

hsses  through  the  poles  and  the  glass,  and.  if  no  current 

ftuate  the  magnet,  also  through  A  when  its  optic  axis  is  par- 

lel  to  that  of  P\  but  if  the  prisms  have  their  axes  at  right 

jles,  it  is  barred  at  A:  no  modification  of  the  light,  how- 

"er,  occurs  in  transit — it  is  stii!  polarized  between  P  and  A 

I  vertical  plane.     With  the  light  stoppeil  at  A.  let  the  cur- 

t  be  turned  on — instantly  light  flashes  through  A.  so  that 
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Fig.  359  shows  another  means  of  rotating  polarized  light 
by  a  magnetic  field:  A'  and  S  are  the  poles  of  an  electro^.1 
magnet,  the  latter  perforated  to  admit  the  beam,  and  the  facftf 


I 


of  tlie  former  polished;  the  light  emanates  from  L,  is  polar-' 
ized  by  the  Nicol  P,  falls  upon  a  partly  silvered  mirror  .tf  I 
fixed  at  an  angle  of  45*,  is  thence  thrown  normally  on  the  j 
face  of  the  pole  A*,  and  reflected  back  to  A — another  NicoL  j 
If.  with  the  magnet  inactive,  this  Nicol  stop  the  light,  it  wiU  \ 
cease  lo  do  so  when  the  current  is  turned  on — showing  tnistf 
of  the  beam  by  the  field,  and  this  is  further  proved  by  the  I 
direction  of  the  twist  being  changed  with  reversal  of  thftl 
poles. 

201.  A  Tiew  of  the  related  phenomena. — The  varioM  j 
facts  cited  in  this  section  prove,  that  under  certain  conditionS|.  I 
Light.  Electricity,  and  Magnetism  affect  each  other  when  in  | 
the  same  region  of  space;  ihat  they  are  in  some  way  related, 
such  as  being  movements  of  the  same  medium;  and  that  they 
are  of  the  same  order  of  magnitude— like  ripples  that  creep 
up  the  slope  of  a  billow  and  there  interfere,  modify,  or  neu- 
tralize each  other  without  perceptibly  changing  the  aspect 
of  ihe  heavy  roller  that  bears  them  on. 
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There  are  sounds  so  acute — waves  of  air  so  short  and 
quick,  that  they  flit  past  without  affecting;  the  ear;  only  the 
range  of  a  few  octaves  throw  it  into  responsive  vibration — 
ivaves  of  medium  length  and  frequency;  while  below  these 
again,  the  grave  sounds- — waves  long  and  slow,  glide  inef- 
fectually by:  so  with  waves  in  the  ether;  there  are  short  ultra- 
violet rays  that  mostly  produce  chemical  effects,  middle  spec- 
trum waves  that  dazzle  as  light,  and  long  infra-red  rays  that 
warm  as  heat. 

Light,  then,  is  only  a  sensation  due  to  a  certain  range  of 
ether-waves;  electricity  is  probably  a  stressed  displacement 
movement  of  the  ether;  and  magnetism,  no  doubt,  a  rotary 
one  of  the  same  medium:  but  even  while  this  last  goes  on,  it 
may  be  combined  with  the  second  into  a  true  undulatory  mo- 
tion— the  electromagnetic  wave.  Consider  a  small  electro- 
magnet in  connection  with  a  break-circuit  key  and  source  oE 
electricity:  close  the  key — the  magnet  springs  into  life  and  a 
field  arises  around  it;  open  the  key — the  magnet  is  dead — its 
field  gone:  repeat  these  alternations,  and  the  field  is  merely  a 
succession  of  ether-waves.  Light  travels  at  the  rate  of  i86,- 
ooo  miles  a  second:  if  the  key  were  closed  once  a  second  the 
waves  would  be  186.000  miles  long,  and  if  it  could  be  closed 
186,000  times  a  second,  they  would  be  one  mite  long;  fur- 
thermore, if  the  magnet  shrunk  to  atomic  size,  and  the  key 
could  be  opened  and  shut  with  such  rapidity  as  to  produce 
waves  between  one  forty-thousandth  and  one  sixty-thou- 
sandth of  an  inch  long,  there  is  no  reason  for  doubting  that 
such  waves — in  the  ether  and  of  t!ie  length  that  cause  light — 
would  produce  this  sensation  in  the  eye,  and  that  the  atomic 
magnet  would  twinkle  like  a  star.  The  shortest  waves  that 
can  at  present  be  produced  artificially  are  several  inches  long; 
so  that  the  means  of  exciting  those  that  will  give  theideal 
light  yet  offer  a  field  for  arduous  ingenuity. 
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Section  Two :  The  Ether  and  its  Properties. 

202.  The  varied  velocity  of  wave-motion. — The  ve- 
locity of  sound  varies  iwith  the  medium  in  which  it  travels; 
roughly  stated,  it  is  least  in  gases,  moderate  in  liquids,  and 
most  in  solids:  the  properties  of  matter,  mainly,  account  for 
such  wide  differences  in  the  velocity  of  sound  as  a  thousand 
feet  a  second  in  air  and  seventeen  thousand  feet  in  iron,  and 
these  properties  are  elasticity  and  density;  denoting  the 
former  by  c  and  the  latter  by  d,  the  velocity  for  any  medium 
will  be  expressed  by  the  equation, 

^  =  ^' (0 


or 

IP. 

(2) 


^  =  \/|- 


The  velocity  of  luminous  and  electromagnetic  waves  has 
been  measured,  and  it  is  enormous — 186,000  miles  a  second. 

Comparcfl  with  sound,  it  seems  incredible,  as  do  the  prop- 
erties of  the  medium  recjuisite  to  transmit  it:  from  equation 
(2)  the  elasticity  of  such  a  medium  must  be  all  but  infinite 
and  its  density  infinitesimal,  and  this  is  the  conception  of  the 
properties  of  the  ether. 

203.  The  ether  pervades  all  space  and  matter.— 
Whether  the  ether  be  solid,  liquid,  or  gas — matter  so  com- 
pactly massed  as  to  form  a  continuous  substance,  or  com- 
posed of  fine  particles  with  interstices  equally  small,  is 
chiefiy  a  speculation  of  him  who  writes  upon  the  subject.  In 
its  natural  state,  it  is  conceived  to  pervade  all  space  uniformly, 
except  in  matter,  where  it  both  permeates  the  mass  uniformly 
and  also  clings  to  its  atoms  in  denser  layers,  varying. with  the 
substance. 


i; 
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304.  The  elasticity  and  density  of  the  ether. — In  the 
induction  of  Electricity,  Magnetism,  and  Light  through  tlie 

er,  its  normal  condition  becomes  disturbed — distorted: 
itn  this  it  recovers  by  a  series  of  movements  dependent 

in  its  elasticity  and  density,  just  as  is  the  case  with  tangible 
latter,  although  these  qualities  need  not  be  exactly  identical 
■ith  those  designated  by  the  same  names  in  such  matter — 
ily  fulfilling  analogous  functions. 

The  pliability — elasticity — of  the  ether  is  different  in  dif- 
rent  substances;  it  is  called  the  specific  inductive  capacity, 
and  is  denoted  by  K\  its  value  can  be  measured  by  electro- 
static experiments — not  absolutely,  but  relatively  to  air,  in 
which  the  value  is  assumed  to  be  unity:  this  arbitrary  assump- 
tion is  the  basis  of  the  artificial  electrostatic  system  of  units. 

Similarly,  the  density  of  the  ether  varies  with  the  sub- 
stance: it  is  assumed  to  be  unity  in  air — may  be  measured 
relatively  to  that  by  magnetic  experiments,  and  is  hence 
known  as  the  magnetic  permeability,  and  is  denoted  by/i; 
,  the  convention  that  it  is  unity  in  air  gives  rise  to  the  artificial 
jriectromagnetic  system  of  units — volts,  ohms,  amperes,  etc. 
I  Clearly,  both  K  and  fi  have  to  do  with  the  velocity  of 
electric  and  magnetic  movements  in  difTerent  substances. 
Light,  too.  experiences  a  change  of  velocity  in  various  trans- 
parent media,  dependent  upon  the  variable  density  of  the 
ether  in  them:  in  air  it  is  assumed  to  be  unity — in  all  other 
substances  it  has  a  certain  relative  value  to  this,  known  as  the 
index  of  refraction  and  denoted  by  n. 

205.  Mechanical  illustration  of  an  electro-magnetic 
moyement. — ^It  may  dispel  some  of  the  haze  surrounding  a 
conception  of  the  subject  if  an  electromagnetic  motion  in  the 
ether  be  compared  with  that  of  some  visible  object. 

IE  we  liken  an  electric  current  to  a  stream  of  water  in  a 
pipe,  the  raic  of  i\o\v  applies  to  both;  so  does  the  qiiGitiity  that 
passe?;  a  given  point  in  a  specified  time;  the  f^rcssiirc  in  the 
water  corresponds  to  voltage  in  the  current;  and  friction  of  the 


^  -i : 


Ttr^  ^tv  Fit.  ji*. 


p»^3ta. 


the  lower  end  i.  is  tfcc  kft  hand  aad  laiili^  the  upper  end 
ft  between  the  tinnid>  and  ionSaga  of  tfar  r^fct  faand— die 
pointer  P  indiczltng  ibe  rocaboe:  kt  tbe  kxrx  appGcd  to 

pT'iAvtzt  thi  i  r«pre«<nt  eIecTr>>oioiivc  fcirrr  i  E.  M.  F.X  and 

■he  r^.V  'jf  rotaiion.  the  cv:rrent.  The  dexibilny  of  the  spring 
— ;'-  'z'.'akiicr.vy — repre>€n:f  a  cenain  capacrtj  for  twi>i.  which 
-.;-.;.  -:mu'a:e  electrica'  capacity;  when  the  twist  reaches  a 
:::,'.:*.  :*  ii  ar.a'ogo-j-  ;o  :he  m!I  charge  in  a  condenser,  the 
''.':'^r<:t  'A  rotanon  rtan'ling  tor  the  curreni  that  charged  it- 
i;  -'.I'l'Ienly  re'eaifi  hy  the  right  hand,  the  spring  flys  back — 
■ivA  :r.<>rt.  winding  ;:-e:i  up  in  ihe  opposite  direction;  and 
■r.:-.  to-and-fro.  several  times:  it  m  analogous  to  rfwcharge 
'  i  a  condenser,  which  e.xcites  a  series  of  diminishing  oscilla- 
■J'.ns  in  the  ether;  and  it  is  obvious  that  these  depend  upon 
the  ?ame  property  of  both  metal  and  medium — their  elas- 
ticity: that  i'  to  say,  the  property  of  the  ether  is  a  semblance 
or  ■.\liat  we  call  elasticity  in  solid  substances — a  property  that 
play-,  a  promincni  pan  in  the  distortion  of  both,  and  relief 
ilicrefrom.  In  Fig.  ^f>\.  a  vane  of  stiff  paper  /'  is  attached  to 
;i  rod  on  the  spring,  and  a  second  pointer  is  placed  at  Q; 
viewed  from  above,  both  pointers  are  in  line  when  the  spring 
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is  free  of  Iwist.  Let  R  be  now  turned — P  will  move  before 
Q  and  this  a  little  in  advance  of  V;  on  account  of  the  air,  the 
vane  opposes  resistance  to  rotation,  but  interferes  scarcely  at 
all  with  the  heginniTig  or  ending  of  the  motion;  and  this  is 
exactly  like  resistance  in  a  conductor  to  an  electric  current. 

In  Fig.  362,  a  disc  of  lead  D  is  attached  to  the  stem  L;  on 
account  of  its  density  and  the  way  in  which  it  is  placed,  it  adds 
weight — inertia — to  ihe  system,  without  offering  perceptible 
resistance  to  the  air;  whereas  the  vane  introduced  resistance 
without  perceptible  inertia — density.  If,  for  the  same  volume, 
more  weight  is  introduced,  as  for  instance  a  disc  of  platinum 
rather  than  one  of  aluminum,  this  means  greater  inertia — 
more  density — so  that  one  of  these  terms  entails  the  other  as 
a  synonym.  On  twisting  R  the  pointer  P  moves  first,  then 
Q,  and  finally  D,  whose  inertia  must  be  overcome  ere  the 
rotation  gains  uniform  velocity;  so  in  the  ether,  the  current 
grows,  it  does  not  jump  into  full  strength;  it  creates  a  mag- 
netic field  which  reacts  upon  it;  and  the  rapid  or  slow  growth 
of  this  field  depends  on  the  inertia — the  density,  of  the  ether 
in  and  about  the  conductor.  This  property  of  the  ether,  like 
its  analogue  in  the  disc,  acts  like  a  fly-wheel — retards  at  start, 
opposes  little  resistance  while  motion  is  uniform,  but  con- 
tinues ihe  movement  at  the  finish,  causing  the  current  to  fade 
out  rather  than  stop  at  once. 

Fig-  jfii  xn^'j  represent  the  electromagnetic  movement 
with  all  its  attributes:  elasticity  of  spring,  the  capacity  for 
twist,  or  its  analogue,  electric  charge;  rotation  of  the  vane 
against  the  air,  resistance;  and  inertia  of  the  disc,  density  of 
the  medium. 
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Section  Three  :  Meaning  and  Determination  of  the  Physical  1 

Constant  "  r'." 


206.  Nature  of  the  proof  of  the  electromagnetic  theory 
of    light.— ■■  If  ihe  study  of  two  different  brandies  of  Science 
[Electricity  and  Light]  has  inrlependently  suggested  the  idea 
of  a  medium,  and  if  the  properties  whicli  must  be  attributed 
to  the  medium  in  order  to  account  for  electromagnetic  phe- 
nomena are  of  the  same  kind  as  those  which  we  attribute  to 
the  luminiferous  medium,  in  order  to  account  for  the  phe- 
nomena of  light,  the  evidence  for  the  physical  existence  of 
the   me<Hum   will   be   considerably   strengthened.      Bui    the 
properties  of  bodies  are  capable  of  quantitative  measurement. 
We  therefore  obtain  the  numerical  value  of  some  property 
of  the  medium,  such  as  the  velocity  with  which  a  disturbance 
is  propagated  through  it,  which  can  be  cakiihlcd  from  Elec- 
tromagnetic experiments,  and  also  observed  directly  in  ilie 
case  of  Light.     If  it  should  be  found  that  the  velocity  of 
propagation  of  electromagnetic  disturbances  is  the  same  as 
the  velocity  of  light,  and  this  not  only  in  air,  but  in  otlier 
transparent  media,  we  shall  have  strong  reasons  for  believing 
that  light  is  an  electromagnetic  phenomenon,  and  the  com- 
bination of  the  optical  with  the  electrical  evidence  will  pro- 
duce a  conviction  of  Ihe  reality  of  the  medium  similar  to-thai 
which  we  obtain  in  the  case  of  other  kinds  of  matter,  from  liie 
combined  evidence  of  the  senses. 

"  When  light  is  emitted,  a  certain  amount  of  energ)'  is 
expended  by  the  luminous  body,  and  if  the  light  is  absorbeii 
by  another  body,  this  body  becomes  heated,  showing  that  il 
has  received  energy  from  without.  During  the  inten'a!  oi  ,, 
time  after  the  light  left  the  first  body  and  before  it  reacheil 
the  second,  it  must  have  existed  as  energy  in  the  intenening 
space. 
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*'  According  to  the  theory  of  undulation,  there  is  a  ma- 
terial medium  which  fills  the  space  between  the  two  bodies, 
and  it  is  by  the  action  of  contiguous  parts  of  this  medium 
that  the  energy  is  passed  on,  from  one  portion  to  the  next, 
till  it  reaches  the  illuminated  body. 

"  The  luminiferous  medium,  therefore,  is,  during  the  pas- 
sage of  light  through  it,  a  receptacle  of  energy.  In  the  un- 
dulatory  theory,  this  energy  is  supposed  to  be  partly,potential 
and  partly  kinetic.  The  potential  energy  is  supposed  to  be 
due  to  the  distortion  of  the  elementary  portions  of  the  me- 
dium: we  must  therefore  regard  the  medium  as  elastic. 

*'  The  kinetic  energy  is  supposed  to  be  due  to  the  vibra- 
tory motion  of  the  medium:  we  must  therefore  regard  the 
medium  as  having  a  finite  density.''  (Prof.  James  Clerk 
Maxwell.) 

It  is  here  necessary  to  form  some  mental  picture  of  an 
electromagnetic  wave:  there  is  an  electric  movement  along  a 
wire,  which  may  be  uniform — or  wax  and  wane— HDr  alter- 
nate in  direction.  There  is  another  that  oscillates  between 
the  knobs  of  a  conductor  when  a  Leyden  jar  is  discharged; 
consider  Fig.  364:  the  metal  plates  A  and  B  are  fixed  to  brass 


(1) 


Fig.  364. 

rods  C  and  D  which  terminate  in  the  knobs  P  and  A^:  this 
system  is  connected  with  an  induction-coil  K,  When  a  spark 
passes  between  the  knobs,  it  is  not  one  snap,  and  all  over:  but 
a  surging  to  and  fro  from  knob  to  knob  with  decreasing  in- 
tensity until  all  energy  is  spent;  these  are  electric  oscillations. 
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Sectfam  Three :  Hesnlng  and  Determinatton 

Constant  "  v." 

3o6.  Nature  of  the  proof  of  the  electro 
<rf  light. — "  It  the  study  of  two  different  br 
[Electricity  and  Light]  has  independently  si 
of  a  medium,  and  if  the  properties  which  m 
to  the  medium  in  order  to  account  for  elecl 
nomena  are  of  the  same  kind  as  those  whid 
the  luminiferous  medium,  in  order  to  acco 
nomena  of  light,  the  evidence  for  the  phys 
the  medium  will  be  considerably  strength 
properties  of  bodies  are  capable  of  quantitati 
We  therefore  obtain  the  numerical  value  o 
of  the  medium,  such  as  the  velocity  with  whi 
is  propagated  through  it,  which  can  be  catct 
troniagnetic  experiments,  and  also  observe' 
case  of  Light.  If  it  siiould  be  found  thai 
propagation  of  electromagnetic  disturbance 
the  velocity  of  light,  and  this  not  only  in  : 
transjiarent  media,  we  shall  have  strong  rea^ 
thai  light  is  an  electromagnetic  phenomeii 
bination  of  the  optical  with  the  electrical 
duce  a  conviction  of  the  reality  of  the  med 
which  we  obtain  in  the  case  of  other  kind^ 
combined  evidence  of  the  senses. 

"  When  light  is  emitted,  a  certain  :i 
expended  by  the  luminous  body,  and  if  ■ 
by  another  body,  this  body  becomes  he 
has  received  energy  from  without.  D- 
time  after  the  light  left  the  first  body  :__ 
the  second,  it  must  have  existed  as  t 
space. 
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substance;  the  velocity  of  light  has  been  measured  again  and 
again,  and  is  known  both  for  free  space,  or  air,  and  for 
many  transparent  bodies-;  the  specific  inductive  capacity  of 
bodies,  that  is,  their  relative  susceptibility  to  electromagnetic 
phenomena  has  also  been  measured  time  and  oft  for 
many  substances,  and  from  these  measurements  the  velocity 
of  an  electromagnetic  wave  can  be  calculated;  now  if 
the  luminous  and  the  electromagnetic  wave  are  but  com- 
ponents of  one  motion  of  the  ether,  their  velocities  should  be 
the  same  in  the  same  substances — and  they  arc.  A  compari- 
son for  different  transparent  bodies — soHds,  liquids,  and 
gases — discloses  the  fact  that  both  velocities  are  identical  in 
some  instances,  very  nearly  alike  in  others,  and  differ  con- 
siderably in  only  a  few  cases:  and  this  is  the  main  proof  of  the 
electromagnetic  theory  of  Hght.  That  the  three  phenomena 
— Light,  Electricity,  and  Magnetism — when  brought  to- 
rether  in  the  same  field,  do  affect  each  other,  thus  proving 
their  intimate  relationship,  has  already  been  shown  in  Section 
One  of  this  Chapter. 

As  experimental  means  have  become  more  refined,  the 
discrepancy  between  the  two  velocities  has  grow^n  less,  so  that 
the  tendency  since  the  first  experiments  were  made,  is 
steadily  toward  proving  the  luminous  and  electromagnetic 
movements  to  be  a  combined  motion  of  the  ether. 

207.  Electrostatic  and  electromagnetic  units  in  terms 
of  Lengthy  Time,  and  Mass. — The  subject  of  units  will  be 
treated  here  only  from  the  point  of  view  necessary  to  illus- 
trate the  Electromagnetic  Theory  of  Light. 

Our  knowledge  of  natural  phenomena  rests  partly  on 
measures  of  Length,  Mass,  and  Time:  the  primary  quantity 
of  each  of  these  that  is  chosen  as  a  standard  bv  which  to 
measure  all  other  amounts  may  (and  does)  vary  with  each 
nation;  but  in  the  scientific  community  of  all  countries,  the 
metrical  system  is  generally  used — the  Centimetre  for  the 
unit  of  Length,  the  Gramme  for  the  unit  of  Mass,  and  the 
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Second  for  the  unit  of  Time;  the  initial  letters  of  these  words 
hence  giving  the  name  to  the  system,  C.G.S.  units. 

But  for  the,  purpose  in  view,  it  will  be  more  suitable  to 
treat  the  quantities  themselves  in  their  fullest  generality,  as 
Length,  Mass,  and  Time,  denoted  respectively  by  L,  M,  T. 

From  these  flow  our  conceptions  of  other  physical  quan- 
tities; Area^  as  the  square  of  a  length,  l^\  Volume,  ^^ls  its  cube, 
L^ ;  Velocity y  as  a  rate  of  motion,  evidently  a  length  divided  by 
a  time,  that  is, 

ISpT  •""  X^-   *T"     «»     •■^    X^  •J  y  •         •         •         •         ^3/ 

Acceleration,  that  is,  a  change  in  a  velocity,  which  therefore  is 
the  velocity  itself  divided  by  the  time  for  which  the  change  is 
to  be  indicated,  or 

L.T-^-^  T^L.  r-«;     ....    (4) 

Force y  as  the  moving  spirit  of  a  mass,  and  if  the  motion  of  this 
mass  changes,  that  is,  undergoes  acceleration  (decrease  of 
motion  being  minus  acceleration),  the  force  suffers  a  cor- 
responding change,  and  hence  becomes  an  index  of  the  mo- 
tive power,  whence  force  is  suitably  represented  by  the  mass 
multiplied  by  the  acceleration  of  its  motion,  that  is, 

j/.z.  r-^ (5) 

]\\wk\  as  the  result  of  force  acting  upon  a  mass  along  a 
length,  that  is, 

Af.  L\T''' (6) 

Thus,  successively,  from  Velocity  we  derive  the  idea  of  Ac- 
celeration:  from  this  the  conception  of  Force;  and  from  the 
latter  the  detinition  of  Work:  each  being  represented  by  a 
certain  value  and  combination  of  the  elementary  quantities— 
Lensxth,  Mass.  and  Time. 

The  electromagnetic  movements  of  the  ether  constitute 
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one  of  the  Forces  of  Nature  which  will  impart  Velocity  to  a 
Mass  and  thus  perform  Work,  precisely  as  the  Force  of  Heat 
in  steam  will  draw  a  train  with  varying  speed  (Acceleration) 
along  a  track;  so  that  the  results  of  electric  and  magnetic 
action  can  be  represented  by  the  same  elementary  quantities 
— Length,  Mass,  and  Time — as  the  efforts  of  mechanical  and 
physical  force.  But  while  we  measure  these  latter  forces  with 
a  single  system  of  units,  the  ethereal  force  has  a  double 
standard — the  electrostatic  and  the  electromagnetic — each 
based,  as  a  starting  point,  on  a  separate  and  distinct  concep- 
tion of  the  abode  of  the  Force;  the  first  has  the  force  exerted 
between  two  quantities  of  electricity — such  as  two  equal 
charges  on  metal  balls — as  its  basis;  and  the  second  has  the 
force  between  two  magnet  poles  for  its  foundation.  In  each 
system,  a  variety  of  units  arises  whose  names  usually  express 
the  peculiarity  of  their  origin:  for  the  illustration  in  view, 
some  of  these  units  common  to  both  systems  will  be  traced 
from  their  sources,  that  is,  from  the  conception  of  Force  ex- 
pressed above  in  Length,  Mass,  and  Time.  Incidentally,  it 
may  be  stated  that  when  these  are  made  specific  by  the  intro- 
duction of  the  C.G.S.  units,  a  third  system  has  arisen — the 
Ohm,  Ampere,  Volt,  Coulomb,  Farad,  Watt,  series  of  units; 
but  with  these  we  have  no  necessary  concern  here. 

To  return  to  the  electrostatic  and  electromagnetic  sys- 
tems: the  units  common  to  both  which  will  be  specially  con- 
sidered are:  Quantity,  Potential,  Capacity,  and  Resistance; 
and,  except  the  first,  each  of  these  is  based  on  the  same  pri- 
mary factors,  thus:  Potential  in  both  systems  rests  on  Work 
and  Quantity;  Capacity,  on  Potential  and  Quantity;  and  Re- 
sistance, on  Potential  and  Current.  In  the  electromagnetic 
system.  Quantity  rests  on  Current  and  Time — in  the  electro- 
static, on  Force  and  Distance. 

The  electrostatic  system  and  its  derivatives. 

Quantity,  Q:  let  Q  and  Q'  represent  the  quantities  of  elec- 
tricity on  two  metal  balls  separated  by  the  distance  L  from 
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Seconil  for  the  unit  of  Time;  the  initial  letters  of  these  \ 
hence  giving  the  name  to  the  system,  C.G.S.  units. 

But  for  the  purpose  in  view,  it  will  be  more  suital] 
treat  the  quantities  themselves  in  their  fullest  generalit 
Length,  Mass,  and  Time,  denoted  respectively  by  L,  M, '. 

From  these  flow  our  conceptions  of  other  physical  \ 
titles;  Area,  as  the  square  of  a  length,  /-*;  I'o/iiwic, -as  itsi 
I?;  Velocity,  as  a  rate  of  motion,  evidently  a  length  dividf 
a  time,  that  is, 

^^L  ~  T=  L.T-';       ...    I 

Acceleration,  that  is.  a  change  in  a  velocity,  which  therefi 
the  velocity  itself  divided  by  the  time  for  which  the  cha 

to  be  indicated,  or 


Force,  as  the  moving  spirit  of  a  mass,  ami  if  the  mol 
mass  changes,  that  is,  undergoes  acceleration  (d( 
motion  being  minus  acceleration),  the  force  sufl^ 
responding  change,  and  hence  becomes  an  index 
tive  power,  whence  force  is  suitably  represented  by 
multiplied  by  the  acceleration  of  its  motion,  that 

M.L.  r-*;       .     .     . 

Work,  as  the  result  of  force  acting  upon  a  m 
length,  that  is, 

M.  z'.  r-'.     ... 

Thus,  successively,  fron>  Velocity  we  derive  tb 
celeration;  from  this  the  conception  of  Force; 
latter  the  definition  of  Work:  each  beingf  rep' 
certain  value  and  combination  of  tb 
Length,  Mass,  and  Time. 
The  electromagnetic  n 


I 

f 
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Capacity y  A :  a  specific  quantity  of  electricity  on  a  sphere 
has  inalienably  linked  to  it  a  definite  potential;  if  the  sphere 
expands,  the  same  quantity  of  electricity  being  spread  over 
it  must  be  at  a  lower  potential,  and  if  it  contracts,  the  poten- 
tial rises:  the  sphere,  therefore,  has  a  certain  Capacity  A  for 
a  fixed  quantity  Q  at  a  definite  potential  V;  that  is, 

Q  =  A.V, (17) 

or, 

^  =  ^; (18) 

substituting  in  this  the  values  from  (12)  and  (16),  it  becomes 

or 

A  =z  L\ (20) 

that  is,  the  capacity  is  directly  dependent  on  a  linear  measure 
— the  radius  of  the  sphere,  as  is  otherwise  evident. 

Resistance y  R:  in  any  conductor,  the  current,  C,  which  may 
traverse  it,  is  dependent  on  the  difference  of  potential,  F,  be- 
tween its  ends  and  the  inherent  obstructive  nature  of  the  ma- 
terial itself — its  Resistance,  R;  that  is,  the  current  varies  di- 
rectly as  the  potential,  and  inversely  as  the  resistance,  or 

C^=;^> (21) 

whence 

^  =  ^; (22) 

now  the  volume  or  quantity,  Q,  of  water  that  passes  a  point 
in  a  stream  is  equal  to  its  rate  of  flow  per  unit  of  time — that 
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is,  the  current— -multiplied  by  the  duration  of  flow;  and  it  is 
the  same  with  a  current  of  electricity;  that  is, 

Q  =^  C.  T, .    (23) 

whence 

C=^;:    ......    (24) 

substituting  in  this  the  value  of  Q  from  (12),  it  becomes 

m 

C  = J. , (25) 

or, 

C-M^.L^.T-*\ (26) 

then  putting  in  {21l)  the  value  of  V  from  (i6)  and  that  of  C 
from  (26),  equation  (22)  becomes 

^-m\.l\.t-^' ^''^ 

that  is, 

R^  L-KT. (28) 

The  Electromagnetic  System  of  Units  in  terms  of  Length, 
Mass,  and  Time,  Quantity,  Q:  -the  quantity  of  electricity  in  a 
current  of  definite  duration  is  evidently  equal  to  the  rate  of 
flow — ^the  strength  of  current,  multiplied  by  the  time  it  lasts, 
that  is, 

Q  =  C.T; (29) 

but  the  strength  of  current  and  intensity  of  the  magnetic 
field  it  produces,  have  a  constant  ratio — as  the  one  waxes  or 
wanes,  the  other  gains  or  loses  intensity,  and  thus  a  deter- 
minate value  of  the  latter  becomes  an  index  of  the  former: 
now  a  field  produced  by  a  current  may  be  duplicated  in  every 
respect  by  the  pole  of  a  steel  magnet,  so  that  this  may  be- 
come indirectly  a  measure  of  the  current;  and  the  force  ex- 
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erted  between  the  poles  of  two  steel  magnets  is  expressed 
(as  previously  proved  in  this  Treatise)  by 

^^--JT- (30) 

in  which  m  and  m'  represent  the  strength  of  the  poles  re- 
spectively and  L  the  distance  between  them. 

Thus  the  value  of  Q  is  traced  finally  to  the  force  between 
two  poles  of  permanent  magnets:  to  retrace  these  steps  and 
introduce  at  each  the  dimensions  of  Length,  Mass,  and  Time, 
let  m  =  m\  then 

P^L^ ^3^) 

whence 


m^^/F.D^ (32) 

substituting  in  this  the  value  of  F  from  (5),  it  becomes 

m  =  ^(M.L.  T-^){U)  =  VM.L\  T'\     .     (33) 


or 


=  Afi  .Li.  T'' (34) 

If  the  force,  F,  exerted  between  two  equal  poles  as  de- 
noted by  (5)  be  divided  by  the  strength  of  pole,  w,  as  given 
in  (34),  the  intensity,  //,  of  the  field  is  obtained,  that  is, 


M.L.  T 


-a 


or, 

H=z  Afi.L-i  .  T-K      ....     (36) 

The  current  is  evidently  equal  to  the  intensity  of  field  multi- 
plied by  the  length  over  which  it  extends,  that  is, 

C  =  H.L; (37) 

or,  by  means  of  (36), 

C  =  {A/i.Li.  T-')L,    ....     (38) 


528       Th 

or 

C=  M^.L^.T- 
and,  finally,  substitating  this  value  of  C  in  (29),  we  have 

Q  =  M^  .lS (40} 

PoicnXial,  V\  in  the  elect minagnetic,  as  in  the  electrostatic, 
the  potential  is  equal  to  work  divided  by  quantity,  that  is. 

-1^ -> 

introducing  into  this  the  value  of  W  from  (6)  and  that  of  C 
frotn  (40J,  it  l)ccomes 

-^^^^^' '^> 

or, 

V=M^.L^,T-* (43) 

Capacity,  A:  this,  too,  like  the  similar  unit  in  the  other 
system,  has  for  its  basis,  the  quotient  of  quantity  by  potential, 
that  is, 

A=%; (44) 

introducing  the  value  of  Q  from  (40)  and  that  of  V  from  {43), 
we  have 

that  is, 

A  =  L-KT"" (46) 

Resistance,  R:  likewise  here,  resistance  has  the  same  fun- 
damental factors  as  in  the  electrostatic  system — the  quotient 
of  potential  by  current — that  is, 

^  =  ^^ to) 
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substituting  in  this  the  value  of  V  from  (43)' and  of  C  from 
(39),  it  becomes 

whence 

R  =  L.  T-' (49) 

208.  The  significance  of  **  z/,*'  the  ratio  of  the  two 
sets  of  units. — Collecting  into  one  view  the  symbolic  ex- 
pressions of  the  preceding  units  common  to  both  systems, 
and  dividing  the  electrostatic  by  the  electromagnetic,  the  re- 
sult appears  in  the  accompanying  Table  2y:  columns  (i),  (2), 
and  (3)  contain  the  equations  just  deduced  in  L.M.T. — di- 
mensions; column  (4)  is  the  indicated  division  of  (2)  by  (3); 
column  (5)  is  column  (4)  reduced  to  its  lowest  terms,  and 
this  in  every  instance  contains  only  the  dimensions  L  and  T: 
now  Length  divided  by  Time  is  essentially  of  the  nature  of  a 
Velocity,  and  this  is  the  case  in  equations  (50)  and  (52);  by 
taking  the  reciprocals  of  (5i)pand  (53),  the  same  result  ap- 
pears, **  V  '*  simple  and  square  in  reciprocal:  but  the  matter 
may  be  otherwise  stated  as  follows: 
One  electromagnetic  unit  of  Quantity 

=  V  electrostatic  units;  •  .  •  .  (54) 
One  electromagnetic  unit  of  Capacity 

=  z^^  electrostatic  units;  .  .  .  .  (55) 
V   electromagnetic  units  of  Potential 

=  one  electrostatic  unit ;   ....     (56) 

v^  electromagnetic  units  of  Resistance 

=  one  electrostatic  unit (57) 

Thus,  it  is  always  a  velocity  that  is  obtained  in  passing 
from  consideration  of  electricity  in  a  quiet  state — as  a  static 
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■charge  upon  a  metal  sphere,  which  is  the  origin  of  the  elec- 
Irostatic  system  of  units — to  consideration  of  it  in  motion — 
-as  a  current  along  a  wire,  which  is  essentially  at  the  founda- 
tion of  the  electromagnetic  system:  therefore,  the  natural 
inference  is,  that  if  a  multitude  of  small  charged  bodies  should 
sweep  through  space  with  the  speed  of  an  electric  current, 
they  would  in  effect  constitute  such  a  current;  indeed  this  is 
realized  in  the  discharges  of  high  vacua,  where  the  residual 
particles  of  matter,  burdened  with  electricity,  stream  from 
the  cathode  to  the  anode  in  a  luminous  band  that  is  waved 
about  by  means  of  a  magnet  as  if  it  were  a  flexible  wire  carry- 
ing a  current. 

And  again,  this  lact  has  been  proved  directly  by  charging  a 
gill  ebonite  disc  with  static  electricity  and  giz'ing  it  rapid  rotation, 
when  it  affected  a  suspended  magnetic  needle  as  a  feeble  circulay 
current  would. 

The  velocity  of  column  (6)  is  the  great  physical  constant 
"  V  "—the  velocity  with  which,  according  to  Maxwell,  an 
electromagnetic  disturbance  is  propagated  through  space; 
that  is.  "  if  a  sudden  difference  of  magnetic  potential  be 
caused  at  any  point,  the  disturbance  <lue  to  it  will  be  felt  at 
any  other  point  after  an  interval  which,  on  being  compared 
with  the  distance  between  the  points,  shows  the  disturbance 
to  have  been  propagated  with  this  velocity." 

While  it  is  possible  to  devise  means  of  measuring  this 
velocity  directly,  still  "  the  indirect  method  of  comparison  of 
units  is  as  certainly  a  measure  of  the  velocity  of  the  disturb- 
ance, and  is  capable  of  far  greater  accuracy  than  is  ever  likely 
to  be  attained  by  the  direct  method." 

The  quantity  "  v  "  is  of  such  importance  to  the  theory 
under  consideration,  that  further  illustration  of  it  (following 
in  effect  Maxwell)  will  be  given:  let  there  be  two  small  gilt 
balls  fixed  on  little  carriages  that  move  upon  parallel  rails  sep- 
arated by  a  short  distance;  let  the  balls  be  charged  with  the 
same  quantity  of  the  same  kind  of  electricity;  while  at  rest, 
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there  will  be  a  certain  force  of  repulsion  between  them ;  now 
start  the  carriages  in  rapid  flight — ^such  velocity,  in  fact,  that 
the  charged  balls  become  elements  of  electric  currents  cours- 
ing along  the  rails;  at  this  stage,  their  repulsion — when  at 
rest — ^has  given  way  to  attraction,  as  elements  of  currents 
flowing  in  the  same  direction,  and  the  speed  that  has  wrought 
this  change  is  the  velocity  "  v'^      The  following  is  a  proof 
of  this  statement:  let  a  represent  two  lengths  of  parallel  cur- 
rents whose  numerical  values  are  c  and  c'  in  electromagnetic 
measure,  and  h  the  distance  between  them;  as  they  flow  in  the 
same  direction,  the  attractive  force  f  is 

/=  — ^-^ .  ......     (58) 

Let  the  length  a  be  so  chosen  that 

2a  =  *,  then  f  r=z  c  .c' (S9) 

If  V,  be  the  number  of  electrostatic  units  in  one  electromag- 
netic unit,  then  we.  have  to  prove  that  z'  is  a  velocity. 

The  quantity  of  electricity  transmitted  by  a  current  c  in 
a  time  f,  is  r .  f  in  electromagnetic  measure,  and  therefore 
V  ,c  A  in  electrostatic  measure,  since  one  of  the  former  is 
t'-times  the  latter.  Let  q  and  q  be  the  static  charges  im- 
parted to  two  gilt  balls  in  the  time  t  by  the  currents  c  and  i 
respectively;  d  the  distance  separating  the  balls;  and  f  the 
repulsive  force  between  them — repulsive,  because  electricity 
of  the  same  kind;  then  the  charges  on  the  balls  in  electro- 
static measure  are: 

q  =z  V .c .t, (6o) 

and 

q'  =  v.c\ty (6l) 

and  the  repulsive  force  is 

,      _  {v.c.t){v.c'.()       q.^  . 

J    -  ^a  -  -^.      •     .     •     (oz; 
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or 

V^,  /*.  c .  c* 
/'  =  -^^5 (63) 

Let  the  distance  d  be  varied  until  this  electrostatic  repulsion 
equals  the  electromagnetic  attraction,  that  is  ^  =  f,  whence 
from  (59)  and  (63), 

c.c=z —^ (64) 

or 

d^  =  z^.t\ (65) 

or, 

d  =^  v.t, {66) 

or, 

V  ■=•  —\ (67) 

that  is,  V,  the  number  of  electrostatic  units  in  one  electro- 
magnetic unit,  is  equal  to  a  distance  d  divided  by  a  time  / — 
which  is  a  velocity;  and  the  absolute  magnitude  of  this  is  the 
same  whatever  the  specific  units  adopted. 

209.  The  specific  inductive  capacity  (K)  and  magnetic 
permeability  {ju). — A  cubic  centimetre  of  gold,  silver,  or  any 
other  substance  placed  in  counterpoise  to  an  equal  volume  of 
distilled  water  at  4°  C,  will  have  a  different  weight  from  it: 
regarding  the  water  as  a  standard  of  comparison,  the  relative 
weights  of  other  substances  are  expressed  by  a  ratioy  called 
their  specific  gravity,  as,  for  instance,  19.3  for  gold,  7.8  for 
iron,  and  2.1  for  sulphur. 

So,  with  the  Specific  Inductive  Capacity  and  the  Mag- 
netic Permeability — they  are  ratios,  denoted  by  K  and  ^  re- 
spectively— the  former  to  express  the  susceptibility  of  mat- 
ter to  electrical  phenomena;  the  latter,  to  magnetical. 

Consider  a  Leyden  jar:  it  is  essentially  a  glass  bottle 
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coated  e  aiyl  out  with  tin-foil;  it  may  be  charged  with 

eiectricit  nil  has  a  maximum  capacity,  beyond  which  there 
will  be  1  vertlow.  If  two  concentric  rolls  of  tin-foil,  iiien- 
tical  w  lose  of  the  jar.  be  separated  by  a  space  filled  willi 

air  at  a  perature  of  o°  C.  and  pressure  of  760  mm.,  this, 

also,  w  nstitute  a  Leyden  jar — an  air  jar,  if  one  may  so 

call  it — I  lefinile  electrical  capacity;  let  the  quanlity  thai 
will  charge  it  to  the  full  be  denoted  by  unity:  then  by  suc- 
cessively replacing  the  air  between  the  two  rolls  of  tin-foil  by 
an  equal  thickness  of  mica,  glass,  ebonite,  etc..  it  may  be  seen 
whether  the  same  quantity  of  eleclricity — or  more,  or  less— 
that  charged  the  air  jar  to  the  utmost,  will  do  the  same  tor 
the  others;  and  it  will  be  found  that  it  will  not,  but  that  about 
six  times  as  much  is  necessary  for  the  mica  jar,  three  times  ai 
much  for  the  glass  jar,  twice  as  much  for  the  ebonite  jar,  and 
so  on;  that  is.  these  numbers— known  as  Dielectric  Constants 
—the  ratio  K — express  the  specific  capacity  of  mica,  glass, 
and  ebonite  {compared  with  air  as  unity)  to  receive  electric 
strain;  and  the  substances  themselves — the  recipients  of 
strain  between  the  tin-foi)  conckictors — are  called  Dielectrics. 
Similarly  (to  illustrate  Magnetic  Permeability)  considers 
tubular  coil  of  wire — a  solenoid,  alive  with  electricily:  the 
core  is  pervaded  by  a  magnetic  field  of  definite  intensity  rep- 
resented by  a  specific  number  of  lines  of  force — ^tfie  air  in  the 
core  admits  that  number  and  no  more.  Let  a  cylinder  of 
cobalt  fill  the  core,  and  more  lines  of  force  will  gather  into  it 
than  when  only  air  was  there — the  field  will  be  more  intense, 
Kei)lace  the  cobalt  by  a  cylinder  of  nickel  of  equal  size,  and 
still  more  lines  of  force  will  crowd  in  upon  this  with  a  result- 
ing stronger  field.  Finally,  insert  a  rod  of  soft  iron  of  like  di- 
mensions and  all  the  lines  of  force  possible  will  seek  transit 
through  it — ^the  field  will  be  the  most  intense  attainable.  This 
varying  field  being  measured  when  iron,  nickel,  and  cobalt 
successively  fill  the  core,  affords  numbers,  which,  compared 
with  air  taken  as  unity  and  a  standard,  become  ratios  denoted 


.I.V/.VO  AND  DUi  Efi.MlSA  T/lhV  OF  COA'SJAA'T  "  I'."     S3S 

by  ^,  that  express  the  relative   permeability   of  these   sub- 
stances to  magnetic  induction, 

310.  Indirect  methods  of  determining  "  v," — The  ve- 
locity of  wave-motion  depends  on  iwo  properties  of  the  me- 
dium ill  which  it  occurs — the  elasticity  and  density:  neither 
of  these  has  been  determined  for  the  ether  by  itself,  only  for 
its  condition  in  connection  with  other  matter,  and  this  only 
in  relative  measure  for  different  substances,  compared  with 

In  all  media,  the  velocity  of  wave-motion  is  expressed  by 
the  formula, 


V 
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density  ^ 

so  that  if  we  consider  the  elasticity  of  a  substance,  its  facility 
to  transmit  motion,  it  then  is  in  direct  opposition  to  its  ca- 
pacity for  strain,  that  is,  to  its  specific  inductive  capacity — its 
dielectric  constant,  K\  for  if  ebonite  wdl  admit  more  electric- 
ity than  air  does  to  charge  it  to  the  same  potential,  and  glass 
more  than  ebonite,  and  mica  stiil  more,  it  is  clear  that  their 
specific  inductive  capacity — their  retention  of  strain— their 
imwillingness  to  transmit  motion,  is  in  this  order,  and  there- 
fore inversely  to  their  electrical  elasticity:  hence,  represent- 
ing electrical  elasticity  by  k.  we  have 


I 
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Coincident  with  every  electrical  movement  is  the  mag- 
netic field,  spreading  out  at  right  angles  to  the  direction  of 
[he  current,  retarding  its  growth  as  well  as  preventing  its 
sudden  collapse — a  kind  of  fly-wheel:  and  the  varied  degree 
of  this  in  different  media  is  the  magnclic-  permeability.  /*;  and 
since  it  acts  as  a  drag,  it  performs  the  function  of  inertia — a 
synonym  of  density. 

Thus,  for  electromagnetic  wave-motion,  we  have  in  ether 
the  specific  inductive  capacity.  A.',  or  its  reciprocal,  rather, 


netic 
stanct. 
;otn< 
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;sponding  to  elasticity  in  other  media,  and  mag- 
ability.  //,  answering  to  density  in  those  sub- 
hat  introducing  these  quantities  into  (68).  it  be- 


substituti  this  The  value  of  k  from  (69),  we  have 


'  /  ' 


'-■s/ih 


VK.l> 


I]') 


Relative  numerical  values  of  K  and  l^  have  been  deter- 
mined time  and  again  for  almost  all  substances;  k  thence  be- 
comes known  by  (6y):  its  ratio  to  l^h  the  velocity  of  an  elec- 
iromagiieiit  wave  in  the  ether  dependent  upon  the  electrical 
elasticity  and  magnetic  density  of  the  medium  as  expressed 
l>y  ihe  general  principle  of  equation  (68):  but  K  is  determined 
ill  electrostatic  measure  and  l^  in  electromagnetic,  hence  the 
ratio  of  i  to  ;*  (since  k  is  deduced  from  K)  is  in  reality  the 
raiio  of  the  two  systems  of  units  in  Table  27,  so  that  the  >' 
obtained  there  as  that  ratio  is  identical  with  the  V  resulting 
from  equation  (71):  and  thus  it  becomes  clear  how  comparison 
of  the  units  in  both  systems  of  measure  affords  the  velocity 
of  an  electromagnetic  wave  in  the  ether. 

Before  stating  methods  of  comparing  the  units  in  both 
systems,  it  may  be  well  to  fix  the  ideas  about  measuring  X. 
by  a  single  illustration.  In  Fig.  366.  P  and  P  are  two  metal 
plates  with  wires  u  and  b  terminating  in  the  small  balls  that  are 
separated  by  an  air-gap  at  (/:  .1/  and  .U'  are  two  similar  plates 
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parallel  to  the  former  but  not  in  contact  with  tliem;  from  M 
and  A/'  extend  parallel  wires  ww*,  thirty  centimetres  apart,  to 
a  distance  of  more  than  a  thousand  centimetres;  at  their  ends 
Ihe  flexible  wires  i  and  f  connect  with  circular  metal  plates 
A'  and  jV  abont  twenty  centimetres  diameter;  these  plates 
are  so  arranged  that  the  distance  between  them  may  be  va- 
ried without  disturliing  their  parallelism;  T  is  a  vacuum-tube 
spanning  the  wires,  and  which  may  be  moved  along  them. 

The  balls  at  G  being  connected  with  the  poles  of  an  in- 
<iucl ion-coil,  or  to  the  coatings  of  a  Leyden  jar,  at  L.  when 
discharge  takes  place,  a  spark  jumps  the  gap  with  a  succes- 


1 


366. 


sion  of  diminishing  electrical  oscillations  between  the  balls 

as  indicated  by  the  arrows  C  and  D:  coincident  with  these 
arises  the  magnetic  field  by  a  corresponding  series  of  pulses 
along  a  and  b.  charging  the  plates  P  and  P',  which,  in  turn,- 
by  induction  across  the  air-space,  charge  M  and  W,  and  thus 
continue  onward  along  the  wires  the  succession  of  magnetic 
waves  indicated  by  the  arrows  H  and  H' .  These  waves  have 
points  of  maxima  and  minima — characteristics  of  all  nndu- 
latory  motion:  according  to  the  capacity  for  strain  of  the 
medium  between  ;V  and  A" — whether  of  air,  glass,  sulphur,  or 
some  other  substance,  such  also  will  be  the  degree  of  charge 
the  plates  A^  and  A'^'  will  accept,  with  corresponding  length  of 
wave;  for  this  depends  upon  the  electrical  capacity  of  the 
space  between  A''  and  A".  Thus,  the  length  of  wave  being 
measured,  becomes  an  index  of  the  specific  inductive  capa- 
city of  the  substance  between  A'  and  A",  that  is.  a  vahie  of  K. 
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To  luea  the  length  of  wave,  the  vacuum-tube  T  is  slid 
utot));  tl  ires — it  will  glow  at  the  summit  of  each  ventral 
seiilliciu        le  on  each  side  of  it.  and  become  dark  at  a  node. 

To  I  Jare  units  of  the  electrostatic  system  with  ihose 
of  tht  '  •omagnetic,  the  general  principle  of  all  methoiis 
is  to  mto  re  the  same  thinjj  in  both;  different  numerical 
vahies  are  Kus  obtained,  and  the  ratio  of  these  is  in  speciHc 
leriiis  the  velocity  v,  which  was  obtained  in  Table  27  in  gen- 
eral terms.  The  following  three  methods  will  illustrate  the 
j»nK«<l«re: 

First,  by  measuring  Quani'xty:  tlie  quantity  of  electricity 
.that  a  Leyden  jar  contains,  is  obtained  in  electrostatic  meas- 
ure from  the  difTcrcnce  of  poter  tial  between  its  coatings  as 
imlicated  by  an  electrometer;  it  is  found  in  electromagnetic 
mcBMire  hy  discharging  the  jar  through  a  ballistic  galvanom- 
l-tw.  ami  the  first  swing  of  its  needle  affords  data  for  cal- 
culaiin;  ihe  quantity  of  current  that  passed  through  the  coil: 
th*  ratio  of  the  numbers  representing  the  quantity  in  both 
mc«>ures  is  f. 

S<»oi«wl.  by  measuring  Potaitial:  this,  as  in  the  firsl 
v-^.'*^,  is  iloix-  directly  in  eiecirosiaJc  measure  by  means  of  an 
VAVtu'UHMer  connected  with  the  two  coatings  of  a  Leyden 
Ml .  tv»  obtain  the  same  in  electromagnetic  measure,  it  is 
tsVK»wit  thai  electromotive  force  (E.M.F.).  or  potential  d'l- 
Ivi  v"\f.  is  e<)ual  to  the  product  of  current  and  resistance,  both 
^>i  \\  hivh  arc  readily  deteniiined:  and  then,  as  in  the  first  case. 
ihv-  utio  ot  the  potemial  by  iKith  systems  isP. 

I'hint.  by  nieastiring  F<>nv:  thai  of  electrostatic  attraction 
tH,-i«<\'n  two  opix*siiely  charged  discs  is  balanced  against  the 
i;lw""\'"<-»j::nciic  repiil>ion  betwTeen  two  spiral  bands  of  known 
lysj.-vM'N-v  ihri^ugh  which  currents  flow:  and  again  the  ratio 
^<  ihv  !v«*w  by  bo:h  i>  r. 

t'V  tvsu't  .^:  ;he  bes:  I'.eierminations  of  r — the  vcloc- 
•^  v**  .»»  >f;<VTro:v..-,p:e:;c  wave  in  air — by  the  \-arious  metli- 
^^4^^^«^•i»C*^S^;.  •<  .0^57  "^  i*-'*'''  centimetres  per  second:  and 
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the  most  accurate  measurement  of  the  velocity  of  light  in  air 
is  3.0031  X  10*'^  centimetres  per  second:  the  difference  being 
only  0.017,  it  is  safe  to  say  that,  in  view  of  the  proven  inti- 
mate relationship  otherwise  existing  between  luminous  and 
electromagnetic  phenomena,  they  are  due  to  a  compound  mo- 
tion of  the  same  medium. 

211.  Direct  methods  of  measuring  v. — ist:  when  elec- 
tromagnetic waves  arise  from  the  sparks  of  a  Leyden  jar,  they 
travel  onward  as  indicated  by  the  arrows  HH'  in  Fig.  366; 
meeting  any  circuit,  as,  for  instance,  the  small  loop  of  wire  R 
with  an  air-gap,  they  induce  in  it  a  current  which  leaps  the 
gap  as  a  spark;  if  the  instant  of  the  two  flashes  be  noted^ 
that  at  G  and  that  at  £,  and  their  distance  apart  be  measured, ' 
we  evidently  have  the  factors  that  determine  the  velocity  of 
the  waves.  But  the  interval  between  the  primary  and  the 
secondary  spark  is  so  small  that  they  appear  simultaneously 
to  all  methods  of  observation. 

2d:  referring  again  to  Fig.  366,  if  the  electromagnetic  un- 
dulations be  reflected  back  upon  themselves  by  means  of  a 
large  metal  screen  placed  at  A^  normally  to  their  direction, 
this  will  convert  them  into  standing  waves;  their  nodes  and 
crests  may  be  explored  with  a  glow-lamp,  and  the  length  of 
wave  determined;  their  frequency  may  be  calculated  from 
certain  (obtainable)  data  regarding  their  source,  and  hence 
V  is  found  from  the  length  of  wave  and  its  frequency  per 
second. 

212.  A  luminous  and  an  electromagnetic  undulation 
have  the  same  velocity  in  transparent  media. —  In  order 
to  establish  this  fact,  it  will  be  necessary  to  explain  what  is 
meant  in  Optics  by  the  Index  of  Refraction.  Consider  Fig. 
367:  it  represents  a  graduated  circle  upon  which  two  arms 
ON  and  OP  move  independently  as  radii;  attached  to  each  is 
a  graduated  ruler,  which  moves  with  the  arm  so  as  to  be  al- 
ways perpendicular  to  the  vertical  diameter  ^D;  at  S  is  a 
semi-cylinder  of  glass — it  may  be  sdlid,  or  hollow,  and  in  the 
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latter  case  may  be  filled  with  liquid,  or  even  gas,  by  harfl 
an  air-tight  cover ;  a  mirror  M  and  screen  N  are  fixed  on  o 
arm.  and  a  reflector  P  on  the  other:  these  attachments,  tt 
gether  with  B.  are  all  set  normally  to  the  plane  of  the  cirdj 
the  surface  of  B  being  at  its  center. 

When  a  ray  of  sunlight  is  reflected  by  the  mirror,  it  p 
ceeds  through  a  hole  in  A',  strikes  the  surface  of  B.  and  p 
in  part  through  it,  and  in  part  on  the  opposite  side  of  A0% 
reflexion:  the  part  that  passes  through  B  is  not,  however,! 


Fio.  367. 

prolongation  of  the  straight  course  from  iV  to  0.  but  is  de- 
viated, so  that  the  reflector  P  will  have  to  be  moved  in 
order  to  receive  the  transmitted  image  of  the  ray:  and  the 
amount  of  motion  of  P  will  vary  with  the  substance  at  B— i' 
will  be  one  thing  with  solid  glass,  another  with  diamond,  still 
another  with  water  in  a  hollow  vessel,  and  again  different 
with  other  liquids  or  gases. 

Under  all  circumstances,  the  angle  of  incidence  1  and  of 
refraction  r — the  two  directions  of  the  ray — are  observed  on 
the  circle,  and  their  sines  dre  read  off  on  the  rulers:  it  is  foiinJ 


^ 
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by  experiment  that  however  these  angles  may  vary,  their 
ratio  is  constant  for  the  same  substance,  while  differing  from 
one  substance  to  another;  this  ratio  is  called  the  Index  of  Re- 
fraction and  is  denoted  by  n,  so  that 

sin  i 

n  =  -^ (72) 

sm  r  ^^    ^ 

If,  while  retaining  the  same  angle  of  incidence  i,  we  place 
various  substances  successively  at  5,  each  more  dense  than 
the  preceding,  the  angle  of  refraction  r  will  steadily  decrease 
with  each  new  substance;  hence  it  is  inferred  that  the  density 
of  the  substance  constitutes  some  barrier  to  the  free  passage 
of  the  ray.  Since  an  zwcrease  of  density  entails  a  decrease  of 
r,  we  have  from  {72)  sl  corresponding  increase  of  n — that  is,  n 
varies  directly  as  the  obstructive  property  of  the  medium.  The 
converse  of  this  may  be  stated  as  the  facility  to  transmit  the 
ray — the  Hon-obstructiveness  of  the  medium,  which  therefore 
must  vary  inversely  as  n — that  is,  the  velocity  z;  of  a  luminous 
wave  in  any  medium  is  inversely  as  n,  or 

^  =  ^ (73) 

This  is  entirely  analogous  to  (71),  and  the  conditions  and 
reasoning  that  lead  up  to  the  two  equations  are  similar  in 
both  cases,  the  one  for  Light — the  other  for  Electricity: 
hence  if  these  be  due  to  a  compound  motion  of  the  ether,their 
velocities  must  be  the  same  in  each  medium;  that  is,  equating 
the  value  of  z/  in  (71)  and  (72),  we  have 

or,  

H  =  i/K.fi, (75) 

or, 

»»  =  Ar./* (76) 
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As  prt  y  explained,  both  n  and  K  can  be  measured  rela- 
tively to  the  (ornier  for  Light — it  is  the  Index  of  Refrac- 
tion, thf  ter  for  Electricity — it  is  the  Specific  Inductive 
Capacii  ,  the  Magnetic  Permeability,  is  considered  con- 
stant— not  affect  relative  values — and  therefore,  for 
these  we  y  write 

«'  =  A'. (77) 

Table  28  gives  the  values  of  n-  and  A'  for  a  few  substances. 

Tablk  2.S, 


(.)  Stale. 

CjJif. 

w-- 

Cdl»9mct>. 

Solid. 
Solid. 

Solid. 

Gas. 

3.16a 

4.151 

MS 

J. 000 
t.ooo 

3-796 
4.M4 
a. 330 
■  .606 
t.ooo 

l.ODO 

0.J66 

JJiiulphideof  carbon.. 

0  W 

y      8 

Tliat  there  should  t>e  the  agreement  in  the  velocities  indi- 
cated by  the  small  differences  of  column  (5)  is  most  remark- 
able. 

"  In  some  cases  the  speeds  are  accurately  the  same,  in 
no  case  are  they  entirely  different;  and  in  those  cases  where 
ilie  agreement  is  only  rough,  an  efficient  and  satisfactory  ex- 
planation of  the  difference  is  to  hand  in  the  very  different 
lengths  of  wave  which  have  at  present  been  submitted  to  ex- 
periment. 

"  To  compare  the  speeds  properly,  we  must  either  leam 
to  shorten  electrical  waves,  or  to  lengthen  light  waves,  or 
both,  and  then  compare  the  two  things  together  when  of  the 
same  size.  It  cannot  be  seriously  doubted  that  they  will  turn 
out  identical."    (Prof.  O.  J.  Lodge.) 

Thus,  the  vital  question — Are  Light  and  Electricity  one 
ami  the  same  movement? — is  answered  almost  irrefutably  in 
ihe  »flSrmative. 
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213.  A  method  of  making  the  L.M.T.  indices  whole 
numbers. — By  referring  lo  equations  {7)  and  (jo) — both 
expressions  for  Force,  ihe  former  in  Che  electrostatic  system 
ami  Ihe  latter  in  [he  electromagnetic,  and  each  the  founda- 
tion of  its  respective  system — it  will  be  seen  that  no  factor 
enters  to  represent  the  medium  in  which  the  force  is  exerted; 
but  this  cannot  be  ignored,  for  it  makes  a  great  difference 
whether  the  entire  space  between  the  two  centers  of  force  be 
pervaded  by  common  air.  or  pure  oxygen,  or  some  other 
medium  in  a  solid,  liquid,  or  gaseous  state:  all  these  will 
change  the  degree  of  force  that  may  be  measured,  and  vari- 
ously. From  this  omission  to  consider  the  effect  of  the  me- 
dium in  the  basic  unit  of  each  system,  have  arisen  those  frac- 
tional dimensions  in  Table  27:  they  are  incongruous  and 
without  physical  meaning.  If,  however,  in  equation  (7)  K  be 
introduced  as  the  dielectric  constant  of  the  medium,  and  in 
{30)  }i  as  the  permeability,  the  exponents  might  be  made 
rational  if  the  dimensions  of  K  and  ju  were  known;  but  they 
are  not:  it  has  been  shown,  however,  that  the  exponents  can 
he  made  rational.  "  and  the  two  sets  of  units  brought  into 
agreement  by  assuming  that  the  product  Kfi  has  the  dimen- 
sions of  the  reciprocal  of  the  square  of  a  velocity,  or 


{/-s: 


K.^.-. 


(79) 

(Prof.   RiicKER). 


In  vol.  34  of  the  London  Philosophical  Magasine,  there 
is  an  elaborate  article  by  Prof.  W.  Williams  on  a  method  of 
expressing  by  dimensional  forniulie — that  is.  in  terms  of 
L.M.T, — all  the  quantities  that  arise  in  electromagnetic 
phenomena,  in  such  way  that  these  formulae  become  the 
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Table  28  : 


(i>  Substance 

Gluss 

Sulphur 

Paraffin 

Bisulphide  of  cat 

■Carbonic  acid. . . . 

Hydrogen 


That  thert- 
calcd  by  the  - 
al)le. 

'*  In  sonu- 
no  case  are  t; 
the  at::reenien: 
planatit)n  of  : 
!eni;lhs  of  wav 
pcrinicnt. 

"  To  conip 
10  shorten  elc- 
both,  and  then 
same  size.      It 
out  identical." 
Thus,  the  \ 
and  the  same  n 
ihe  afVirmative. 
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Let  r  be  measured  along  the  axis  of  A',  then,  since  6s  is  always 
an  element  at  right  angles  to  r,  tfj  will  be  measured  along 
F  or  Z.  If  these  directions  (X,  Y,  Z)  be  carried  along  with  r 
— that  is,  if  we  take  instantaneous  axes  at  every  point  of  the 
arc — the  axes  bearing  the  same  relation  to  the  radius  and 
tangent  at  every  point,  we  get 


66  = 


and 


0  = 


SY 
X' 


2dY 
X 


(83) 


(84) 


To  express  these  dimensionally,  we  have  to  omit  the  sign  of 
summation  2;  for  a  dimensional  formula  expresses  the  nature 
of  a  quantity,  not  its  magnitude ;  and  the  same  formula  must 
therefore  apply  to  both  d  anddS;  the  dimensions  of  B  and  6d 
are,  then  FX"';  and  from  this  may  be  easily  derived  the 
dimensional  formula  of  angular  velocity,  angular  accelera- 
tion, etc. 

X 

clectrio 


Imagine  water  issuing  from  the  summit  of  ground  that 
falls  away  gradually  on  every  side — this  is  a  source;  imagine 
It  flowing  into  a  hole  in  an  area  that  descends  uniformly  all 
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roundr-^his  is  a  sink:  sources  and  sinks  are  technical  terms 
in  the  analytical  treatment  c^  the  flow  of  liquids.  A  vortex 
ring  combines  in  itself  the  symbol  of  both  source  and  sink, 
for  there  is  an  outward  movement  on  one  side  and  an  fnward 
*  on  the  other.  An  electromagnetic  displacement  likewise  sim- 
ulates both  source  and  sink,  and  vortex  motion:  consider 
Fig.  368;  the  electrical  displacement  is  round  the  dotted  line 
A,  while,  surrounding  its  entire  circuit  are  circles  of  magnetic 
induction — ^the  axes  of  vortex  rings  as  indicated  at  B.  The 
north  pole  of  a  magnet  may  be  considered  analogous  to  a 
source — an  outAow:  the  south  pole,  a  sink — an  inflow. 

If  m  and  f  be  point  sources  of  magnetic  induction  and 
electrical  displacement  respectively,  the  measure  of  each  at  a 
distance  r  from  the  sources,  if  the  fluxes  emanate  equally  in 
all  directions,  is: 

^  =  ^^'  • (^5) 

and 

D  =  -^, (86) 

where  B  and  D  are  the  densities  of  the  fluxes  over  spherical 
surfaces  enclosing  the  sources.  Let  B  =^  fji .  H  and  D  = 
K .  £,  where  /i  and  K  represent  physical  properties  of  the 
medium;  then  from  (85)  and  (86), 


and 


^=i-4-S^ »' 


^  ~  T' 4^ ^^^^ 


Now  H  and  E  express  the  strength  of  the  fields  produced  by 
the  fluxes  m  and  q  at  the  distance  r:  hence—  and  ^  express 


MEANING  AND  DETERMINATION  OF  CONSTANT  ''Vr     547 

the  strength  of  the  sources.     Multiplying  (87)  and  (88)  re- 
spectively by  m  and  g,  we  get 

I    nf 


and 


m.H  ^ J, (89) 


^•^=i/^= ^90) 


but  m .  //  is  the  force  experienced  by  a  magnet  pole  m  when 
placed  in  a  field  of  strength  //,  and  similarly  for  g .  £;  hence 


I       v^ 


and 


/r^  =  ;«.7/  =  -.^^,    ....     (91) 

I       <f 


where  F^  and  F^  are  respectively  the  forces  between  two 
poles  m,  or  two  charges  g,  at  the  distance  r  apart.  In  other 
words,  since,  in  expressing  the  force  between  two  poles  or 
two  charges,  we  have  to  regard  each  pole  or  charge  as  an 
isolated  point  source  of  displacement,  we  should  regard  the 
one  pole  or  charge  as  producing  radially  a  field  of  given 
strength  and  then  express  the  force  experienced  by  the  other 
when  placed  in  this  field.  If  now,  from  (91)  and  (92)  ^we 
deduce 


w  =  r  V47r/^F^, (93) 

and 


^  =  r  V47rKF^, (94) 

and  make  this  m  and  q  the  unit  ix)le  and  unit  charge  instead  of 
m^  r  VfjiF^  and  q  =  r  VKF^,  as  is  usual,  the  effect  is  to  dis- 
tribute n  in  electromagnetic  equations  as  a  whole. 

It  is  found,  however,  that  all  those  relations  into  which 
it  is  now  made  to  enter  depend  upon  and  involve  the  con- 
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sideratioii  of  circuital  or  radial 

as  a  plane  or  solid  angle  in  connection 

spheres  of  reference:  it  has  thus  a  definite  physical  meanini 

and  is  always  definitely  related  to  the  other  quantities  in 

relation. 

The  relations  made  use  of  in  deducing  the  dimensions  of 
electromagnetic  quantities,  may  exist  between  those  of  the 
same  kind— either  purely  electrical,  or  purely  magtietic;  or. 
they  may  he  between  quantities  of  different  kinds — as 
tween  magnetic  and  electrical;  or  they  may  be  dynamical 
lations. 

The  purely  magnetical  relations  can  be  expressed  by  ci 
tain  formula;;  so  can  the  dynamical;  then  by  particular  om 
of  both  we  can  express  in  terms  of  M,  X,  1',  Z,  T.  and  me 
selected  quantity,  the  dimensions  of  all  the  other  relations. 
The  only  .useful  cases,  however,  are  those  in  which  the  se- 
lected quantities  are  either/;  or  A',  for  these  express  physii 
properties  of  the  medium  at  a  point,  and  are  independent 
the  electromagnetic  reactions  going  on  there.     The  dimei 
sions  in  terms  of  /<  are  obtained  by  starting  with  the  relatioi 
ft-H^  ^  energy  per  unit-volume;  and  similarly  for  the  dimei 
sions  in  terms  of  K. 

Since  the  dimensions  have  to  be  deduced  by  means 
a  connected  system  of  equations,  it  becomes  necessary 
mjflte  choice  of  suitable  axes.  Let  A'  be  the  axis  of  electrii 
displacement  and  V  that  of  magnetic:  they  are  mutually  al 
right  angles,  and  Z  is  at  right  angles  to  both,  being  the 
tersection  of  the  electric  and  magnetic  equipotential  surfaci 

Let  this  relation  liotd  good  for  every  point  of  the  mediui 
so  that  the  axes  constitute  an  instantaneous  system  at  evei 
point. 

In  passing,  therefore,  from  point  to  point  in  the  mediuini 
and  for  different  epochs  at  the  same  point,  the  axes  and  the 
displacements  preserve  their  relative  directions,  while  their 
absolute  direction  in  space,  in  genera),  alters. 
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In  Fig.  368,  let  ^40'  be  a  closed  electric  circuit  and  BO  a 
corresponding  closed  magnetic  circuit,  both  being  circles  in 
planes  at  right  angles  to  each  other.  Taking  instantaneous 
axeSy  every  element  of  the  circuit  AO'  is  ^-r  and  of  the  circuit 
BO  is  tfj',  while  an  element  of  the  intersection  of  the  planes  of 
the  circuits  is  dz.  The  length  of  the  circuit  AO'  is  '2^x  and  of 
the  circuit  BO,  2dyy  while  the  surfaces  of  the  circuits  are 
^(&r<Jy)  and  2{dy6z).      We  have,  therefore: 

Circuitation  H  =  :^{H6y)  =  C;  .  .  (95) 

Circuitation  E  =  2{ESx)  =  -£;  .  .  (96) 

Surface  integral  of  D  =  2{D6j'6z)  =  e;  .  .  (97) 

Surface  integral  ot  B  =.  2{Bdx6s)  =  ;//.  .  ,  (98) 

To  express  these  dimensionally,  we  have  to  neglect  the  sum- 
mation sign  2,  and  substitute  lor  6xy  dy,  6z\  X,  Y,  Z  re- 
spectively: and  then  the  magnetical  relations  in  L.M.T.  are 
deduced;  and  from  them  both  the  electromagnetic  and  the 
electrostatic  systems  are  derived  in  dimensions  L.M.T.,  and 
these  equations  are  then  mutually  convertible  by  substituting 
the  value  of  ^  for  K,  and  the  converse. 

The  energy  of  the  medium  at  any  point  may  be  expressed 
by  2m  (X^  +  F^  +  Z^)  =  2{mr^),  where  r  is  the  instanta- 
neous linear  displacement  upon  which  both  the  electric  and 
the  magnetic  displacements  at  that  point  depend;  for  the  two 
laws  of  circuitation  express  that  these  are  not  separate  but 
originate  from  the  same  dynamical  cause. 

The  force  between  two  poles  is  in  the  direction  of  mag- 
netization: the  reason  why  it  is  expressed  in  terms  of  the 
energy  of  the  system,  is,  that  it  is  a  mechanical  force  arising 
in  some  way  from  the  mutual  relation  of  matter  and  the  me- 
dium. The  quantities  m  and  H  in  terms  of  which  the  force 
between  the  two  poles  is  expressed,  refer  to  the  medium  alone, 
and  since  nothing  is  known  as  to  the  relation  between  matter 
and  the  medium,  the  relation  above  expresses  only  the  result- 
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magnetic  facts  have  been  illustrated  by  those  who  have  most 
deeply  studied  these  from  the  dynamical  point  of  view. 

214.  Light,  Electricity,  and  Magnetism  due  to  a  move- 
ment of  the  Ether. — In  the  early  inquiries  into  the  nature 
of  Light,  it  was  considered  an  outcome  of  corpuscular  mat- 
ter shooting  through  space;  Electricity,  too,  was  material — 
two  fluids;  and  Magnetism  was  an  effluvium — either  spirit  or 
substance  according  to  one's  fancy:  but  gradually  i>atient  re- 
search forced  upon  the  mind  the  conviction  that  Light  was 
but  a  sensation  due  to  motion — an  undulation  of  an  ethereal 
medium;  further  facts  relating  to  Light  literally  cast  a  lumin- 
ous beam  upon  Electricity  and  its  congener  Magnetism,  dis- 
covering both  to  be  due  to  a  movement  of  the  same  ether — 
in  fact,  all  three  linked  together  in  the  same  movement. 

.  To  these  may  be  added  Thermal  and  Chemical  effects,  for 
they  produce  the  others,  and  those,  these;  so  that,  given  any 
one,  another,  or  all  five  of  the  effects — thermal,  chemical,  lu- 
minous, electrical,  and  magnetical — may  be  evoked  from  that 
one  as  an  origin,  and  all  as  varied  phases  of  the  energy  resi- 
dent in  ether-waves. 
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